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ABSTRACT
Adam Nicholas Ferine, M.S., May 2003 Geology
Examination of Septic Effluent Denitrification in Natural and Sawdust-Augmented Soils 
of the Missoula Valley, Western Montana
Director: Dr. William W. Woessner
A conventional septic system designed to meet the current local environmental 
regulations, and an experimental septic system designed to remove nitrate from septic 
effluent, were constructed, instrumented, and monitored to allow the direct comparison of 
nitrate attenuation in pore water beneath both systems over a one-year period. The 
treatment component of the experimental system is a passive reactive layer of fine sand 
and sawdust that provides the anaerobic conditions and organic carbon source necessary 
for the dissimilative metabolism of nitrate by endemic bacteria. An equal volume of 
effluent from a common source was delivered to each system at a twelve-month average 
loading rate of 72 gal/day per drainfield. The drainfield piping in both systems was 
installed at a depth of 1.5 ft below ground surface (bgs), and groundwater beneath the site 
varied from 9.75 ft bgs to 13 ft bgs during the study. While both drainfields were built 
with equal total lengths of perforated distribution piping ( 1 0 0  ft), the dimensions of the 
conventional system drainfield (20 x 24 ft) was based on the requirements of the local 
environmental regulations, and the dimensions of the experimental system drainfield ( 8  x 
20 ft) were dictated by the designed dimensions of the underlying treatment layer. Based 
on monthly samples of pore-water taken from beneath both drainfields, the nitrate 
attenuation in the experimental system exceeded that of the conventional system overall 
and was more consistent from month to month. During the second six-month period of 
the study, the experimental system consistently removed more than 90% of the input 
nitrate, and reduced effluent nitrate-N concentrations to below 3mg/L. The native soils 
beneath the conventional system were also shown to reduce nitrate-N concentrations in 
the effluent, but the removal rate was significantly lower and was less consistent from 
month to month. The experimental system, constructed of locally available materials, 
reduced nitrate loading to the underlying aquifer. Continued evaluation of this passive 
system is needed to assess its effectiveness over time. However, designing the treatment 
layer to last longer than the average life of a conventional septic system (40 years) 
appears feasible.
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Chapter 1: INTRODUCTION
The Problem
In the United States, one third of all our domestic wastewater is disposed of by 
individual on-site septic systems (Canter and Knox, 1985). Likewise, 35% of the 
population of the state of Montana lives in areas not served by municipal sewer systems 
and therefore rely on septic systems for domestic waste disposal and groundwater wells 
for drinking water supply (Brooks, 1996).
Septic system effluent introduces elevated levels of dissolved constituents (Canter 
and Knox, 1984), human pathogens (Hagedom, 1984), and trace quantities of toxic 
organic compounds derived from household products (Kalega et al., 1987) into 
underlying soil water and groundwater. Among these potential contaminants, nitrate 
(NO] ) is the dissolved constituent, which is most commonly targeted by regulatory 
agencies (Brown, 1984). Nitrate has a maximum contaminant level in drinking water as 
recommended by both the World Health Organization and the U.S. Environmental 
Protection Agency of 10 mg/L nitrate as nitrogen (NO3 -N) (Harman, 1992). This 
standard is based on evidence which shows that nitrate in drinking water can cause the 
infant disorder known as methemoglobenemia (Wilhelm et al., 1994). A 1993 study also 
correlated eight miscarriages in Indiana with elevated nitrate in groundwater wells 
(Brooks, 1996). The presence of nitrate is often used as an indication of other sewage 
related contaminants such as bacteria and viruses in areas served by septic systems 
(Robertson, et. al., 1991). An additional adverse effect of nitrate-contaminated 
groundwater is the potential for these waters to discharge to connected surface waters,
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where the elevated nitrate can lead to eutrophication and subsequent degradation of 
surface water quality (Alhajjar et al., 1989).
The common incidence of nitrate in groundwater underlying septic systems, is 
convincing evidence that many septic systems are ineffective at attenuating nitrate 
(Walker et ah, 1973; Harman, 1992). Robertson et al. (1991) documented nitrate-N 
concentrations in a sandy aquifer beneath a drainfield to be 20 to 35 mg/L above 
background. Plumes of elevated nitrate-N were found to extend more than 490 ft down 
gradient of the septic system drainfield.
The City of Missoula has become part of a program aimed at reducing the input of 
nutrients to the Clark Fork River throughout its watershed. This program, known as the 
Voluntary Nutrient Reduction Program (VNRP) focuses on limiting the discharge of 
pollutants from industrial and sewage treatment plants as well as from individual septic 
systems. As part of the program, limits, known as Total Maximum Daily Loads 
(TMDLs), for each pollutant entering a body of water have been established. TMDLs are 
established for streams or lakes, which fail to meet certain water quality standards. A 
1995 report by the Missoula City-County Health Department estimated that septic 
systems in the unsewered areas of the Missoula Valley discharge a total of approximately 
417 lbs. N/million gallons (MCCHD, 1995).
In addressing the input of nitrogen to the Clark Fork River from septic systems, 
the Missoula City-County Health Department has recognized that changes will be needed 
in the way that septic systems are permitted and, perhaps, constructed. As a specific 
measure, the subcommittee which implements the VNRP has recognized that one of the 
strategies that must be used is to “encourage planning for alternatives to municipal
wastewater disposal to reduce nutrients from new development (such as land application, 
wetlands, and nutrient removal septic systems)” (MDEQ, 1998).
Increasingly stringent discharge requirements have been placed on municipal 
sewage treatment plants, and these requirements have driven those facilities to develop 
sophisticated technologies, which improve the quality of plant effluent. However, the 
majority of septic systems installed today use the same basic design features first used 
over 100 years ago (Wilhelm, 1994). In order to protect the degradation of groundwater 
and surface water resources from nitrate contamination, many states, including Montana, 
have recently instated regulations that require reduction of nitrogen in domestic 
wastewater effluent (MDEQ, 1996). The non-degradation rule as enforced by the 
Montana Department of Environmental Quality requires that measured nitrate 
concentrations in groundwater down gradient from any source be below 5 mg/L NOg'-N 
at the end of a “mixing zone”. If this concentration cannot be achieved through pré­
disposai processes or hydrogeologic conditions, enhanced (Level 2) nitrogen removal is 
required. Level-2 treatment requires that on-site treatment removes 60% of the total 
nitrogen or that the system effluent does not result in greater than 7,5 mg/L NO3 -N at the 
end of the mixing zone (MDEQ, 1996).
A conventional drainfield discharges nitrogen by default. Although some 
denitrification can occur in anaerobic environments with an adequate supply of organic 
carbon, these conditions are uncommon under natural conditions. In order to address the 
issue of increased loading of nitrate to groundwater from septic systems, recently a 
number of alternative septic systems have been designed and tested which remove nitrate 
to varying degrees (Whitmeyer, 1991).
The experimental system, which is evaluated in this study, uses a passive reactive 
barrier to provide the conditions necessary for heterotrophic bacteria to dissimilatively 
metabolize the nitrogen present in the effluent generated in a four-person household. The 
experimental system is similar to a conventional drainfield, with the addition of a 
treatment layer consisting of a fine sand and sawdust mixture, which is placed beneath 
the drainfield. The sawdust provides a source of labile organic carbon for denitrifying 
bacteria. Effluent, which has passed through the aerobic portion of the drainfield, is 
directed through the anaerobic treatment layer, which maintains tension saturation due to 
the difference in texture with the surrounding soil. The system was originally proposed 
by W.D. Robertson and J.A. Cherry of the Waterloo Centre for Groundwater Research, 
University of Waterloo. Field trials demonstrated that over a one-year period the barrier 
configuration was capable of attenuation of 60 to 1 0 0 % of input nitrate concentrations of 
up to 125 mg/L-N (Robertson and Cherry, 1995). This research involves the construction 
and monitoring of an alternative system based on the Waterloo design and a conventional 
septic system. The experiment examines the systems’ affect on the nitrate concentration 
in the vadose zone beneath both systems.
Goals and Objectives
The purpose of this project was to evaluate the ability of an experimental system 
to attenuate nitrate in the vadose zone of the Missoula Aquifer. The physical and 
biochemical factors that control this process were evaluated. The following specific 
objectives are the foci of this study:
1. To construct and instrument a conventional septic system to serve as a control 
site;
2. To construct and instrument an experimental septic system designed to 
enhance denitrification;
3. To document the concentrations of nitrogen compounds in the septic tank and 
vadose zone beneath the two septic systems;
4. To calculate the denitrification rate in each septic system over a one-year 
period;
5. To calculate the residence time of septic effluent within the treatment layer in 
the experimental septic system;
6 . To assess the consequences of requiring reactive barrier systems in the 
Missoula Valley.
Thesis Organization
This thesis is organized into six chapters. Chapter Two provides a background 
discussion of the biochemical evolution and fate of septic effluent nitrogen as it moves 
through the stages of a conventional septic system, as described by previous researchers. 
Chapter Three explains the methodology used in this investigation, including: site 
selection and conditions, design and construction of the septic systems, instrumentation 
of the site, and the sampling procedures used in the investigation. Chapter Four presents 
the results of the investigation, including a comparison of the observed denitrification 
rates in the two systems and an estimate of the residence time in the experimental system 
based on a tracer experiment. Chapter Five is a discussion of the results. Chapter Six
presents the conclusions and recommends additional data collection, which could further 
define the study conclusions.
Chapter 2: BACKGROUND
Cycling of Nitrogen in Wastewater Treatment Systems
The nitrogen in domestic wastewater is typically present in two forms; 
ammonium and nitrate (NO3 ). Organic nitrogen in domestic wastewater, deriyed
from amino acids, amines, proteins, and humic compounds with low nitrogen content, is 
reduced to ammonium in anaerobic enyironments such as septic tanks, through the 
process of ammonification (Reddy and Patrick, 1981). In conyentional septic systems the 
ammonium is then oxidized to nitrate in the drainfield. This process of nitrification 
requires oxygen and is carried out by bacteria such as Nitrosomonas and Nitrobacter. 
The resultant nitrate acts conseryatiyely and often mo yes freely through the yadose zone 
and into the groundwater. In order for the nitrate to then be reduced to nitrogen gas, an 
anaerobic enyironment with significant concentrations of labile organic carbon must be 
encountered. Because these conditions are not necessarily present in the drainfield or 
underlying yadose zone, significant denitrification of effluent deriyed from a 
conyentional septic system is not likely to occur.
Figure 1 shows a simplified diagram describing the general transformation of 
Nitrogen and Carbon in a conyentional septic system.
.CH4 ^COi
SEPTIC TANK
ORGANIC C ^  CO2 .CH4
O. DRAIN FIELD SOILS
ORGANIC C +02->C02 SATURATED
ZONE
Figure 1. Sequence of simplified redox reactions in the two major zones of a conventional septic system
Ammonification
Ammonification, the first step in the mineralization of organic nitrogen, is defined 
as the biological conversion of organic nitrogen to ammonium-nitrogen. Under anaerobic 
conditions, ammonium-nitrogen accumulation occurs because of the suppression of 
nitrification. Ammonia volatilization is a physicochemical process where ammonium- 
nitrogen is known to be in equilibrium between the gaseous and hydroxyl forms as 
follows;
N H 3 (aq) 4- H 2 O 4- O H  (eq. 1)
This reaction is pH dependent, with an alkaline pH favoring the presence of aqueous 
forms of NH3 in solution; while at acidic or neutral pH, ammonium-nitrogen is 
predominantly in the ionic form. Ammonification occurs in the septic tank.
Nitrification
In a nitrogen removal treatment scheme, nitrification is a critical step. Because 
nitrifying bacteria are often autotrophs, they must reduce inorganic carbon to the 
oxidation state of cellular carbon through energy intensive reactions that result in low cell 
yields and maximum specific growth rates (Ritttmann and Manem, 1992). Nitrification is 
defined as the biological oxidation of ammonium-nitrogen to nitrate-nitrogen. This 
process is known to take place in two stages as a result of the activity of 
chemoautotrophic bacteria of the genera Nitrosomonas (NHU  ̂ —> NO2 ) and Nitrobacter 
(NO2 ' NO3 ).
Both organisms are Gram negative, aerobic, chemoautotrophic rods. These 
nitrifiers derive energy from the oxidation of ammonium-nitrogen and/or nitrite-nitrogen. 
These organisms require O2 during ammonium-nitrogen oxidation to nitrite-nitrogen and 
nitrite-nitrogen oxidation to nitrate-nitrogen.
Ammonium oxidation to nitrite can be written as:
NH,^ + 1V2O2 NO2 + 2 t r  + H2O (eq. 2)
Nitrite oxidation to nitrate can be written as:
NO] + V] O] —> NO3 (eq. 3)
Combining these two reactions yields:
NH4  ̂+ 2 O2 -> NO3 +2H^  + H2O (eq. 4)
Environmental factors influencing the nitrification rate include: ( 1 ) oxygen availability, 
(2) temperature, and (3) pH and alkalinity of water.
Oxygen Availability
As shown in equation 4 above, it takes 2 moles of oxygen to oxidize each mole of 
ammonium-nitrogen to nitrate. Stoichiometrically, the organisms require 4.57 g O2 per 
gram of ammonium-nitrogen oxidized. Therefore, an unrestricted exchange of 
atmospheric oxygen is required in the nitrifying component of the treatment system. 
Nitrification occurs in the porous media system directly below the drainfield.
Temperature
The rate at which Nitrosomonas and Nitrobacter carry out nitrification has been 
found to be temperature sensitive. Chong and Loehr (1975) reported that the optimum 
temperature for the growth of Nitrobacter is 30°C, and Grady and Lim (1980) proposed
the following equation, which summarizes the effect of temperature on growth rates. The
equation reflects the fact that Nitrosomonas has been found to be more temperature 
sensitive that Nitrobacter.
MmaxT =  MmaxIS 6  ̂  ̂ (eq. 5)
where: /Xmaxt = maximum growth rate at temperature T 
/̂ MAxi5 = maximum growth rate at 15°C 
K = 0.095 to 0.12 for Nitrosomonas
K = 0.056 to 0.069 for Nitrobacter
Complete nitrification in a porous media unsaturated rapid infiltration system has 
been observed after 3 to 5 days at 30°C while it took approximately 50 days at 10°C 
(Yamaguchi et. al., 1996).
pH and Alkalinity
As demonstrated by equation 4 above, nitrification results in the release of 
hydrogen ions and the subsequent consumption of alkalinity. For each mg of ammonia 
oxidized, between 6.0 and 7.4 mg as CaCOa of alkalinity is consumed (U.S. EPA, 1975). 
If the wastewater stream has sufficient alkalinity, its buffering capacity will not be 
depleted, and the pH will not decrease. However, if alkalinity is insufficient, a decrease
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in pH will result. If the pH decreases below 7, ammonia oxidation rates will decrease 
while nitrate oxidation rates will increase (Zhang and Bishop, 1996). Nitrifiers are 
known to be strongly inhibited at a pH of approximately 5.5 (Swerinski, et. al., 1986).
Denitrification
Denitrification is defined as the biological reduction of nitrate to gaseous end- 
products such as molecular N] or N2O. A commonly accepted pathway for biological 
denitrification is:
NO3 —> NO2 —̂ NO —> N2O —̂ N2 (eq. 6 )
Under anaerobic conditions and in the presence of available organic substrate, 
denitrifying organisms can use nitrate as an electron acceptor during respiration. Most 
denitrifying prokaryotes are phylogenetically members of the proteo bacteria and are 
facultative aerobes, meaning that aerobic respiration occurs when air is present, even if 
nitrate is also present. Genera involved in the denitrification process include 
Pseudomonas, Acinetobacter, Bacillus, Micrococcus, Gluconobacter, Alcaligenes, 
Halobacteriums, Thiobacillus, Xanthornonas, Moraxella, Paracoccus, Spirillum, and 
Rhodopseudomonas.
When NO3 is reduced for use as a nutrient source, the nitrogen is encorporated 
into the organism’s biomass, and the reduction process is called assimilative metabolism. 
This is very different from the use of NO3" as an electron acceptor for energy metabolism 
in anaerobic respiration. This process is called dissimilative metabolism. In assimilative 
metabolism only enough NO3 is reduced to satisfy the organism’s needs of the nutrient
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for growth. The reduced nitrogen is eventually converted to cell material in the form of 
macromolecules. In dissimilative metabolism a comparatively large amount of the 
electron acceptor is reduced, and the reduced product is excreted into the environment. 
Many organisms carry out assimilative metabolism of compounds such as NO3 ', whereas 
only a restricted variety of organisms carry out dissimilative metabolism.
The conditions for dissimilative metabolism of NO3 ' are provided in the 
experimental porous media system by a treatment layer of fine sand with 15% (by 
volume) sawdust mixed in, placed directly below an air-rich coarser-grained layer placed 
directly below the drain lines. The fine-grained material remains tension saturated, which 
excludes atmospheric oxygen, and the sawdust serves as a labile organic carbon source 
for indigenous microbes. Figure 2 is a schematic diagram showing the major components 
of the porous media system and the dominant nitrogen compounds associated with these
components.
SEPTIC TANK
Organic N -^ N H /
DRAINFIELD
N H /
C O A RSER-G RA IN ED  
AIR -R IC H  LA Y ER
NH/ NO3
\ 7
FINE SAND AND 
SAW DU ST LAYER
NO) N] or N2O
F igure 2. Sequence of simplified redox reactions in the major zones of an engineered porous media system
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Under most conditions, the end product of dissimilatory nitrate reduction is N2 or 
N2 O. This process is the main means by which gaseous N2 is formed biologically. 
Because N2 is far more difficult than nitrate for organisms to utilize, denitrification 
effectively removes fixed nitrogen from the wastewater.
In the porous media system it is assumed that the gaseous N2 end product diffuses 
out of the system and escapes to the atmosphere. Owing to the stability of the N=N triple 
bond (which has a dissociation energy of 940 kJ compared with 493 kJ for the double 
bond in O2), N2 is extremely inert and its activation is a very energy demanding process. 
Furthermore, the enzymes responsible for nitrogen fixation are rapidly and irreversibly 
inactivated by O2 .
Denitrification in Conventional Svstems
As discussed previously, the environment below most properly constructed 
drainfields is characterized by aerobic conditions resulting in rapid and complete 
nitrification (Eastbum, 1984). In the first Missoula Valley study to document the fate and 
transport of septic system contaminants, Ver Hey (1987) documented significant 
degradation of water quality below and immediately down gradient from two 
instrumented drainfields. The study calculated percent removal of total nitrogen in the 
two sites during two years. At one site there was no statistically significant removal of 
total nitrogen in the vadose zone beneath the drainfield during either year, and at the 
second site there was no removal of total nitrogen during the first year of the study and an
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observed 32% removal during the second year. Nitrate-N concentrations in groundwater 
within the septic systems’ plumes ranged from 6.87 to 19.47 mg/L.
In a 1995 study by Woessner, et. al. three septic systems in the Missoula Valley 
were instrumented and data were collected to determine how the septic system 
contaminants traveled from the drainfields to the water table and how the contaminants 
mixed and moved in groundwater. This study found significant denitrification at the two 
sites, which were near the Bitterroot River. Both were shallow groundwater sites where 
the water table was approximately 9 to 5 ft. below ground surface. Woessner estimated 
86-95% nitrate reduction at these sites, based on sample results within the vadose zone 
and groundwater below the drainfields.
These results are similar to those found in shallow groundwater sites studied by 
Starr and Gillham (1993) where denitrification has been documented to occur below the 
water table down gradient from septic systems. The correlation between the depth to 
groundwater and denitrification is based on the observation that under shallow water- 
table conditions, organic carbon is transported from the soil zone to the aquifer. In the 
saturated zone the organic carbon creates reducing conditions and denitrification follows 
(Ronen et al, 1987), Under conditions where there is a greater depth to groundwater, it is 
observed that the majority of the organic carbon is oxidized in the un saturated zone 
before it reaches the water table. Therefore, an insufficient concentration of organic 
carbon reaches the saturated zone, oxygen concentrations remain high, and denitrification 
does not proceed (Starr and Gillham, 1993).
Andreoli (1979) found that about 36% of the total nitrogen in septic tank effluent 
was removed within 2 feet of percolation through a Long Island, New York drainfield; he
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attributed the apparent denitrification to microsites with sufficient carbon, which became 
anaerobic due to temporarily saturated conditions below the drainfield. It has also been 
noted that the existence of both the aerobic and anaerobic environments necessary for 
nitrification / denitrification can occur in certain soils such as silt loams and silty clay 
loams (Sikora and Corey, 1976). These conditions are unlikely to occur in areas where 
more coarse-grained strata characterize the vadose zone.
The published literature leads to the conclusion that properly designed and 
installed conventional septic systems do not effectively remove nitrate unless the vadose 
zone is characterized by fine-grained material which contains a source of organic carbon. 
Denitrification has been noted to occur in groundwater in some aquifers, and there is 
strong evidence that it does occur in shallow-groundwater aquifers. However, 
conventional septic systems in general can be expected to remove anywhere from 0 % to 
40% of the nitrate produced by oxidation of effluent ammonia (Tchobanoglous, 1991).
Denitrification in Experimental Systems
There are several septic system designs that are being used today to remove 
nitrogen from effluent. These systems create the environment necessary for 
denitrification in a variety of ways, including recirculation of nitrified effluent through a 
carbon-enriched anoxic septic tank or containment of nitrified effluent in an anoxic 
recirculation tank that is dosed with septic waste or some other source of organic carbon 
such as methanol (USEPA, 1980).
The most widely used nitrogen removal system in use today is known as the Ruck 
system (Laak, 1995). This system requires the separation of house gray water and black
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water using the gray water as a carbon source for the denitrification of black water in an 
anaerobic filter. In his 1991 overview of onsite nitrogen removal systems, Whitmeyer 
found the Ruck system capable of 40-60% nitrogen removal (Whitmeyer, 1991). A 
second system currently in use is known as a peat filter system. This system 
intermittently doses a peat filter that is placed between the septic tank and the drainfield. 
Nitrification takes place in the mostly aerobic filter with denitrification occurring within 
anaerobic microsites (Boyle, 1994). This system has been shown to remove 50-60% of 
effluent nitrogen (Whitmeyer, 1991). Recirculating sand filters have been shown to 
remove 40 to 70 % of effluent nitrogen and as much as 90% when the same system is 
equipped with a metered external methanol source (Boyle, 1994).
A 1998 study presented jointly by The Montana Drinking Water Assistance 
Program, Montana State University System Water Center, and Montana State University 
evaluated the performance of three alternative systems currently in use in Montana. The 
systems evaluated in this study are known as the Intermittent Sand Filter, The FIuidyne 
De-Nite System, and the Cromaglass Aerobic Package Plant System. The study 
demonstrated that these systems are capable of denitrification rates of approximately 
25%, 50%, and 70% respectively (Jones et al., 1998). Like all of the existing 
denitrifying septic technologies, these systems require the pumping of effluent alternately 
from an aerobic to an anaerobic environment.
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Chapter 3; METHODS
The following section describes the methods used in setting up the experiment’s 
design. First, there is a discussion of the criteria used in selecting an appropriate study 
site and the physical conditions present at the chosen site. Then there is a detailed 
description of the design, installation, and instrumentation of both drainfields. The 
chapter concludes with a presentation of the procedures used during routine and tracer- 
test sampling.
Site Selection and Conditions
There were several factors taken into consideration when selecting an appropriate 
site for this experiment. Of primary concern was the issue of ensuring long-term access 
to the site. In order to ensure long-term access, it was determined that the ideal situation 
would be one in which the site was located on Missoula County property. However, the 
chosen site would need to be close enough to a private residence so that effluent from the 
home could be easily piped into the new system. Based on these criteria, a Missoula 
County park named Rosecrest Park (Figure 3) was chosen as the site. The park is located 
in the Target Range area, southwest of the intersection of Spurgin and Clements Roads 
(Figure 4).
Rosecrest Park is a narrow strip of land approximately one-half mile long and 200 
ft. wide with 23 private lots immediately adjacent to its boundary. Once the park was 
identified as a potential site location, letters were sent to all of the occupants of the 
adjacent private homes. Two homeowners expressed an interest in participating in the
17
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study. The next site selection criterion was based on the depth to groundwater in the 
area.
Rosecrest Park is located in an area of the Missoula Valley, where groundwater is 
relatively close to land surface. Based on the review of several annual hydrographs of a 
nearby Missoula Valley Water Quality District monitoring well (located approximately 
2 0 0  feet north of the site, at the end of 3̂*̂ street), it was determined that groundwater in 
the area fluctuates from approximately 10 to 15 ft. below ground surface (bgs). In June 
1999 a piezometer was installed at each of the prospective sites. June is historically the 
month during which groundwater elevations in the area are at the highest. At one site, the 
groundwater was found to be approximately 6  ft. bgs and at the other it was 
approximately 8  ft. bgs. Based on the fact that the experimental system’s layers would 
extent to 6  ft. bgs and that the layers would need to remain positioned above the water 
table, the site with the greater depth to groundwater was chosen.
During excavation of the experimental drainfield it was observed that the geologic 
setting in this area consists of approximately one foot of a grayish brown loam. Below 
this zone, approximately 3 feet of grayish brown to light gray, poorly graded silty sand 
with gravel (SP-SM) was encountered. From approximately 3 to 6  feet bgs a light 
brownish gray well-graded sand with gravel (SW) mixed with well-rounded cobbles of 
the 6  to 10-inch diameter size was encountered. Wells logs from the vicinity indicate that 
coarse-grained sediments extend to approximately 120 ft. bgs. Groundwater flow 
direction in the site vicinity is generally to the West (Miller, 1990). The physical and 
hydrogeologic properties of the course alluvial sediments of the Missoula Aquifer are 
described in detail by Woessner (1988).
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Figure 5. Site Map of Existing and Installed Septic Systems
Configuration of the Existing and Installed Septic Systems
In November 1999 the conventional drainfield and the experimental drainfield 
were installed along with a 1 0 0 0 -gallon pump chamber and the necessary piping in order 
to direct all of the effluent from the residence into the pump chamber. A valve was 
installed at a T connection between the home’s existing septic tank and a point upstream 
from the existing drainfield. The layout of the existing septic system and the components 
of the systems, which were installed in November 1999, are shown in Figure 5. Once the 
installation of the experimental system was complete, the diversion valve allowed for the
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redirection of the house effluent from the existing drainfield into the new pump chamber 
from which it is pressure-dosed into the two new drainfields.
The system was designed as a typical pressure-dosed system with the exception of 
the fact that the effluent is distributed equally into two drainfields, rather than one. The 
general operation of this type of system is as follows. As effluent fills the pump 
chamber, a float switch triggers a pump in the chamber. When the pump is turned on the 
effluent is conveyed by a two-inch line, which exits the tank and then is split in the 
direction of both drainfields. Each drainfield then has a two-inch manifold, which runs 
down the center of the respective drainfields. Attached to the manifold are a series of 
one-inch perforated distribution lines. These distribution lines are perforated with 3/8- 
inch holes placed at one-ft. intervals. The system is equipped with a control panel which 
allows the operator to set the height of the float switch and the length of time that the 
pump stays on each time it is triggered, as well as a counter which keeps track of how 
many times the pump cycles on and off.
Both the conventional and experimental drainfields were designed with 1000 ft. of 
distribution line each. The exact dimensions of the piping used in both systems are 
shown in Figures 8  and 9. The system controls were set so that each time the pump was 
triggered, it turned on for 30 seconds. The calculated volume of effluent discharged from 
the pump chamber during each 30-second “on” cycle was approximately 68.4 gallons.
Conventional Svstem Design
The conventional drainfield design was based on the dimensions and 
configuration detailed in the Regulation I of the Missoula City-County Health Code and
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is a typical pressure distribution drainfield design. A cross-sectional drawing of the 
conventional drainfield, which was installed, is shown in Figure 7a.
Experimental Svstem Design
The experimental system contains two different layers whose optimum sizes had 
to be determined prior to installation; a sand layer directly below the drain field and the 
treatment layer. The function of the upper sand layer is to provide an unsaturated zone 
above the treatment layer where effluent is oxidized to NO3' as it percolates
downward. This nitrification layer was constructed of medium-grained sand, having a 
grain-size distribution as shown in Figure 6 a and transmission properties as shown in 
Table 1. The thickness of this layer was based on previous research by Robertson and 
Cherry (1995), which demonstrated that .35 m or 13.8 in of medium sand is sufficient to 
provide nearly complete oxidation of effluent NR^^to NO3 .
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Table 1. Effective Grain Size (dio). Mean Grain Size (dso), Uniformity Coefficient (CJ, Specific Yield
(Sy), and Hydraulic Conductivity (K), Sand Layers
1 dio
1 effective grain size
dso
mean grain size
c„
uniformity coefficient
He
effective porosity
Sy‘
specific yield Hydraulic conductivity
1 0.08 mm 0.20 mm 3.1 .35 26 5 to 8x10  ̂cm/sec 
_______________
Estimated from Johnson (1967)
 ̂Estimated from d,o grain-size diameter using Hazen Method.
In order to ensure that sufficient oxidation would take place, the sand layer in this 
study was constructed as a 24-in. thick layer. Directly above this layer are perforated 
PVC pipes, which distribute the septic effluent. Effluent is pressure dosed to these lines 
and exits through 1 /8 -inch perforations drilled in the lines. The perforations were drilled 
at 1 -foot intervals in a straight line and were pointed directly down.
During a test of the effluent pump, the distribution lines in both systems were 
rotated 90 degrees so that they all pointed up. The pump was then turned on and the 
height of the spray from each orifice was examined and measured. Because both 
drainfields contain the same total length of distribution pipe and have the same number of 
perforations, it was necessary to measure the height of the spray produced by each 
orifice. The spray height ranged from 78 to 87 inches and no difference was observed 
between the two drainfields. This observation suggests that each drainfield receives the 
same volume of effluent during each pump cycle.
After the effluent is discharged through the perforations it gravity drains through 
5 inches of “drain rock” (I to 2 inch diameter poorly-graded sub-rounded gravel) and 
then the 24 inches of “filter sand” (previously described). The passing wastewater 
displaces air, increasing mixing and air exchange. The perimeter of the drain rock layer
24
and the top half of the filter sand layer are not surrounded by any bamer. This allows air 
from the surrounding strata and the surface to diffuse into the sand layer, preventing 
oxygen depletion. Figure 7b is a detailed cross-sectional drawing of the experimental 
drainfield and the treatment layer.
The conditions necessary for dissimilative reduction of nitrate, are provided in the 
porous media system by the second layer (the treatment layer), composed of fine sand 
mixed with 15% (by volume) sawdust. The chosen material is a fine-grained sand whose 
properties are described in Table 2. The grain-size distribution (Figure 6 b) was 
determined by a combination of sieve and hydrometer analysis. Material of this grain 
size and distribution can remain tension saturated even when subjected to high negative 
pressure heads (Robertson, 1995). If the layer remains saturated, it excludes atmospheric 
O2 , while the incorporated sawdust serves as the labile organic carbon source.
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Table 2. Effective Grain Size (dio). Mean Grain Size (dso), Uniformity Coefficient (€„), Specific Yield
(Sy), and Hydraulic Conductivity (K), Treatment Layer
dio
effective grain size
dso
mean grain size
c«
uniformity coefficient effective porosity
s,'
specific yield
K"
Hydraulic conductivity
0.02 mm
f  ..1
0.20 mm 12.5 .30 18-20 3x10 '’ cm/sec
■ Derived from permeameter analysis.
Based on a review of pertinent literature, it was determined that the ideal material 
for this application is one whose dio is approximately .02 mm. Therefore, several 
samples of fine sand and course silt were obtained from around the Missoula Valley. At 
many of the gravel pits around the Valley, the discarded overburden soil provides a 
suitable material. Each samples’ grain-size distribution was then determined by a 
combination of sieve and hydrometer analyses. Those samples whose dio was in the 
range of .01 mm to .03 mm were then subjected to a falling head permeability test to 
estimate their hydraulic conductivity (K). Because K can vary considerably depending 
on the level of compaction of a sample, readings were taken with a pocket penetrometer 
several times as the sample was added and compacted in the permeameter chamber. 
Therefore, a relationship between compaction, based on penetrometer readings, and K 
based on permeameter tests was established. From these tests, it was determined that a 
fine sand found in large volume at the Johnson Bros. Gravel pit in Frenchtown, MT had 
both the desired K and dio. The penetrometer readings were recorded and used to 
establish a goal for the correct level of compaction for the treatment layer during the 
construction of the experimental septic system.
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A sample of the chosen treatment layer material was mixed with the proposed 
sawdust at the pre-determined proportion, and the mixture was then subjected to three 
separate permeameter tests during which the compaction was maintained at 1.5 tons/ft^ 
(or kg/cm^) based on penetrometer measurements. These analyses provided the 
following estimates of hydraulic conductivity for the fine sand/sawdust mixture: 
Ki= 2.92x10''^cm/sec., K2=2.87x 10"^cm/sec., K3=2.84xl0'^cm/sec.
Because the treatment layer would have a much lower K than the surrounding 
sand layers, it was assumed that it would be the limiting component in the system’s 
ability to transmit effluent. The sizing of the treatment layer therefore was based on two 
separate criteria; ( 1 ) the areal dimensions of the layer were based on the expected 
loading rate to the layer and the K of the layer material, and (2) the volume of the layer 
was based on an estimate of the effluent residence time within the layer. For the first 
calculation, Darcy’s Law was used:
Q/KI=A (eq. 7)
Where:Q is discharge;
K is hydraulic conductivity;
I is hydraulic gradient; and
A is cross-sectional area.
The estimated discharge or loading rate to the system was based on the sizing 
requirements found in Regulation I of the Missoula City-County Health Code. This 
regulation estimates the discharge of effluent from a 4-bedroom house to be 450 gal/day. 
Although this discharge rate varies significantly from the EPA estimate of 45 gal/day ( 6  
ft^/day) per person, it was used here to ensure that the system would not be overloaded
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and that the system would be in compliance with local regulations. Because the 
experiment divided the house effluent equally into two separate drainfields, the estimated 
loading rate to the experimental drainfield was 225 gal/day or 30.15 ftVday. The K based 
on permeameter analysis was 2.88 x 10 cm/sec or 0.82ft/day. Again, a conservative 
estimate of 1 x 1 0 ’"̂ cm/sec or 0.28 ft/day was used to determine the area of the layer. 
Theoretically, all flow beneath the drainfield should be vertical and at steady state 
moisture conditions. The hydraulic gradient (I) within the treatment layer was 
conservatively estimated to be 1. Substituting into equation 7 and solving for area (A) 
provides an estimate of the necessary area of 106 ft .̂ In order to ensure that the system 
would not be overloaded, and because all of the house effluent would eventually be 
directed into the experimental drain field, the area was sized up, and the final dimensions 
were designed at 2 0  ft by 8  ft or 160 ft .̂
The necessary volume of the layer was based on a calculation of the effluent 
residence time within the layer. A goal of 7 days residence time was set, based on the 
observations made by Robertson and Cherry (1995) at the Borden site. An estimate of 
effluent residence time within the treatment layer was calculated based on the average 
linear velocity of effluent moving through the layer for the assumed loading rate or 
discharge (Q). Using the effective porosity (ne) determined in the lab (0.30), the 
predetermined area (160 ft^), and the estimated discharge of 6  ft^/day (EPA estimate), the 
linear velocity (v) of effluent moving through the treatment layer would average 0.25 
ft/day, as solved by equation 8  (Fetter, 1994). For this calculation the EPA estimate of 45 
gal/day per person was used because it was deemed a more realistic estimate (Ver Hey, 
1987).
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v=Q/rieA (eq. 8)
This yields an estimated residence time within the 20-in. thick layer of 6.67 days. A 
detailed description of the construction of the two drainfields and the layering beneath the 
experimental system is included in Appendix J.
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Figure 7a. Cross-Sectional Drawing of the Conventional Drainfield
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Instrumentation
Lysimeter Construction and Installation
The suction lysimeters used in this study were constructed based on the ASTM 
methods described by Wilson (1990), using 1 bar ceramic cups embedded in a slurry 
made of 200-mesh silica flour. Specific details of the construction and installation of the 
lysimeters is included as Appendix H.
The lysimeters were installed in the conventional drainfield in 6 -in. holes (Figure 
7a). The two shallower access holes were made with a hand auger, and the two deeper 
holes were made with a hollow-stern auger-drilling rig. The holes were first filled with 6  
inches of silica flour slurry. One foot of bentonite granules was placed above the silica 
slurry, and the holes were backfilled with native soil. A total of four lysimeters were 
installed beneath the conventional drainfield (Figure 8 ). Two deep lysimeters were 
installed at a depth of 6  feet 1 0  inches, and two shallow lysimeters were installed at a 
depth of 3 feet 9 inches.
A total of nine lysimeters were installed in the experimental drainfield. Three 
lysimeters were installed at each of the three different sampling depths (Figure 7b). The 
location of each sample point (in map view) was determined by dividing the areal extent 
of the drain field into a matrix, assigning each section a number and then using a 
statistical program to generate random numbers within this range of values (Figure 9).
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Piezometer Installation
A total of five piezometers were installed at the site prior to the construction of 
the two drainfields. Piezometers were constructed from 1-inch diameter schedule 40 
PVC pipe. Each piezometer was perforated with 3/16-inch holes drilled throughout the 
lowest 5 feet of a 15-ft length. The screen interval was covered with a nylon fabric mesh, 
and the instruments were installed with a Geoprobe direct push drill rig, which creates a 
2-inch diameter borehole. The annular space within the screen interval was filled with 
filter pack sand, and the remaining annular space was sealed with bentonite. The location 
of these piezometers in relation to the two drainfields is shown in the potentiometric 
maps in Appendix E. The primary purpose of these piezometers was to establish the 
direction of local groundwater flow, and the depth to groundwater during the study 
period.
Sampling and Analvtical Procedures
Pore-water samples were collected from the lysimeters by applying a vacuum of 
36 centibars, waiting 24 hours, purging the collected volume (approximately 350 mL), 
then applying the vacuum again and collecting the samples for analysis after another 24- 
hour period. Samples were collected from the pump chamber through a tube attached to 
a PVC pipe held at a constant location 12 inches from the bottom of the chamber. All 
samples were collected with a peristaltic pump and polyethylene tubing. Samples were 
accompanied by field measurements of pH and specific conductance taken with a 
Coming multi-meter which was calibrated before each sampling event. After the field
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measurements were taken, each sample was acidified with H2SO4 and placed in a cooler 
with ice.
CONVENTIONAL DRAINFIELD 
SAMPLING INSTRUMENT LOCATIONS
2 0  ft.
CL-2
24 ft.
CD-3
6 ft.
0=  sampling instrument location 
C = conventional drainfield 
L = shallow lysimeter 
D = deep lysimeter
Figure 8. Dimensions of the Conventional Drainfield and Location of Lysimeters, Map View.
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ELD-1
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o
ELD-3o
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ELM-1
ELS-1
0
o ELD-2o
20 ft.
2 ft.
0=  sampling instrument location
E = experimental drainfield
L, P = lysimeter and peizometer respectively
S, M, D = shallow, medium and deep respectively (see exp. drainfield cross section)
Figure 9. Dimensions of the Experimental Drainfield and Location of Lysimeters, Map View.
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Samples were taken monthly from December 1999 to November 2000. These 
samples were analyzed by the Missoula County Wastewater Treatment Lab for Total 
Kjeldahl Nitrogen (TKN), which is the total of the organic nitrogen and ammonia 
nitrogen, ammonia as nitrogen (NfL'^-N), nitrate + nitrite as nitrogen (NO3 -N + NOa'-N), 
and total phosphorous (P). EPA methods used by the lab were 351.2, 350.1, 353.2, and 
365.2 respectively.
Additional samples were collected in December 1999 and again in November 
2000, which were analyzed by the Murdock Environmental Laboratory at the University 
of Montana. These samples were collected in the same manner as the others, but were 
not acidified in the field and were kept at 4°C until analyzed. These samples were 
analyzed for FI', Cl , NOg'-N, NO2 -N, P0 4 '̂, and S O / by ion chromatography (IC) and 
for Ca^^, K \  Mĝ "̂ , Na"̂ , S, and Si by inductively coupled argon plasma emission 
spectrophotometer (ICAPES).
Quality Assurance / Oualitv Control
One duplicate sample was collected and submitted for analysis from one lysimeter 
during each monthly sampling event. These samples were submitted to the lab under the 
identification of “duplicate”, and the sample location was recorded in field notes. The 
estimated precision of analytical results for each analyte during each of the monthly 
sampling events is based on the percent difference between the reported concentrations 
for each of these samples and its duplicate.
35
Tracer Experiment
In order to empirically-derive an estimate of residence time within the treatment 
layer, a tracer experiment was performed. The tracer chosen for this experiment was 
sodium chloride, and the existing monitoring network was used to detect the movement 
of the tracer. Sodium chloride was chosen based on the fact that the chloride anion 
behaves relatively conservatively and analysis of specific conductance can be done in the 
field.
On November 20, 1999 a slug of high specific conductance tracer was injected 
into the two drainfields via the existing effluent distribution system. The appropriate 
mass of sodium chloride and tap water solution was added to the pump chamber in order 
to raise the conductivity in the tank to approximately 7000 microsiemens (pS). This 
target conductivity was based on the fact that the highest conductivity observed in a 
sample drawn from the lysimeter network was 2480 pS (sample ELD-2 taken on 12-8- 
99). Once the target conductivity in the tank was achieved, the pump was turned on for 
one minute. This manual dosing of the drain fields, at a discharge rate of 68.4 gal./day, 
was continued throughout the experiment.
A negative pressure of 36 centibars was applied to the entire lysimeters network 
immediately prior to the injection of the tracer. Samples were then drawn from each 
lysimeter and the pump chamber once every 24 hours for 26 days, then every 48 hours 
for 16 days, and then every 96 hours for 15 days. All samples were labeled and the 
conductivity was then measured with a calibrated field instrument.
Once the conductivity in each lysimeter was recorded for each time interval, 
breakthrough curves were constructed by plotting the conductivity as a function of time
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(Robbins, 1983). The evaluation of these breakthrough curves provided the data 
necessary to estimate the linear velocity of effluent moving through the system.
Position of the Water Table
Water-level measurements were taken at each of the five piezometers at the site 
during each monthly sampling event. These data, and hydrographs for each piezometer 
are included as Appendix F. The site was surveyed with a Total Station™ instrument in 
July 2000. By combining the water-level measurements with the elevation data 
generated by the survey, a plot of the potentiometric surface at the site was constructed 
for the months of January, April, June, August, October, and December, 2000. These 
plots are included as Appendix E.
Calculation of Denitrification Rate
Denitrification rate beneath each drainfield was calculated by finding the percent 
removal of nitrate with depth. Denitrification rate was calculated as:
((NOa'N S average ~ NOg'N D average) / NOg'N S average) X 100 (eq. 9)
where: S = shallow lysimeters 
D = deep lysimeters
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Chapter 4: RESULTS
Results of this study are presented in the following chapter starting with a 
description of the physical conditions encountered at the site. The average monthly 
loading rates to the two drainfields are presented. Then, the results of the chemical 
analyses performed on vadose zone and groundwater samples are presented. Next is a 
presentation of the trends in the chemical makeup of the pore water with respect to both 
time and depth. Finally, a comparison between the observed denitrification rates in the 
two drainfields is presented, and the results of the tracer experiment are shown.
Site Conditions -  Position of the Water Table
The highest groundwater elevation was observed on June 27, 2000. On this date 
groundwater was measured at 7.52 ft. bgs in piezometer P3. Based on the survey data, 
the top of the casing of this piezometer (which is flush with ground level) is 
approximately 2.25 ft. below the ground-surface elevation in the areas of the 
experimental and conventional drainfields. Therefore, groundwater beneath the two 
drainfields at this time was approximately 9.75 ft. bgs or 3.75 ft. below the bottom of the 
lowest layer in the experimental system and 7.75 ft. below the bottom of the drain rock 
fill in the conventional system. The lowest groundwater elevation was observed on 
December 6 , 2000. On this date groundwater was measured at 10.74 ft. bgs in 
piezometer P3. At this time, the water table was approximately 13 ft. bgs in the areas of 
the two drainfields.
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Loading Rate
On October 29, 1999 the pump delivered the first dose of effluent to the two 
installed drainfields. During monthly sampling events the total number of pump cycles 
was recorded from the panel counter. From November 1999 to April 2000 the pump 
controller was set to dose the drainfields for 60 seconds each time it was triggered. On 
April 5, 2000 this control parameter was changed to a 30-second interval to more evenly 
distribute the effluent loading to the two systems with respect to time. Table 3 shows an 
average loading rate in gallons per day per drainfield. These rates are based on the 
counter readings, the number of days between readings, and the observed approximate 
pumping rate of the effluent pump (68.4 gal./min.).
As the loading rate data presented in Table 3 and Figure 10 demonstrate, the 
loading to the two drainfield was not at a constant rate over the course of the study. 
Using the EPA estimated effluent discharge rate of 45 gal/day per person, and given that 
the study site is attached to a home which has four full-time residents, one would expect 
the total loading rate to be around 180 gal/day or 90 gal/day to each septic system.
Table 3. Average Monthly Loading Rate to Each Drainfield
Average monthly loading rates
Month avg. rate(gal/day)
Dec-99 48
Jan-00 47
Feb-00 77
Mar-00 78
Apr-00 74
May-00 75
Jun-00 84
Jul-00 93
Aug-00 65
Sep-00 120
Oct-00 79
N ov-00 30
One-year average 72
39
Average Monthly Loading Rate to Each Drainfield
[—ï>— avg . p a l/d ay  p e r drainfield  |
140
g  120
A  100
T  60
Dec-99 Jan-00 Feb-00 Mar-00 Apr-00 May-00 Jun-00 Jul-00 Aug-00 Sep-00 Oct-00 Nov-00
M onth
Figure 10. Average Monthly Loading Rate to Each Drainfield
For the months of December 1999 and January 2000 the systems received roughly 
half of the EPA-estimated volume (48 and 47 gal/day/drainfield). The homeowner was 
asked if four individuals were still living in the house, and he confirmed that this was still 
the case. From February through May 2000 the monthly average loading rates (77, 78, 
74, and 75 gal/day/drainfield respectively) were still below the EPA estimate, but were 
very consistent. From May until July the loading rate increased to 84 gal/day/drainfield 
in June and 93 gal/day/drainfield in July.
From July through November the monthly average loading rate to the two systems 
was highly variable. The rate dropped to 65 gal/day/drainfield in August before 
increasing to the highest recorded rate during the study ( 1 2 0  gal/day/drainfield) in 
September. Then, during the next two months the discharge to the systems dropped to 79 
gal/day/drainfield in October and then to the lowest rate during the study (30 
gal/day/drainfield in November). The owner was again asked if he knew of any reason 
why the water usage in the house had become so irregular. He stated that his family had 
hosted a family reunion in September during which several additional individuals were
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using the house, and that one of his children had then moved out of the house at the end 
of September; leaving only three residents in the home. While these event seem to 
explain the trends in water usage / effluent discharge, the average monthly loading to the 
system in November was only 60 gal/day, as opposed to the EPA estimate of 135 gal/day 
for a three-person household.
In December 2000 the cover was removed from the home's existing septic tank 
and the water level was observed to be approximately three feet below the tanks outlet. 
Upon further inspection, it was determined that the tank had developed a crack and was 
leaking. The tank was replaced in January 2001.
Over the course of the study, the system processed an average of approximately 62 
gallons of effluent per day per drainfield or a total of 124 gallons per day. Based on the 
estimated volume of the voids within the treatment layer (n=0.30) in the experimental site 
(approximately 1,010 gallons), this represents a total of about 23 volume changes per 
year within the layer.
Geochemistry
The results of all analyses performed on samples from this study are included as 
Appendix A through C. Appendix A lists the concentrations of Total Kjeldahl Nitrogen 
(TKN), Nitrate as Nitrogen (NOs'-N), Ammonium as Nitrogen (NJU'^-N), and Total 
Phosphorous (P) in all of the samples collected from the 13 1 y si meters (including one 
duplicate sample from each sampling event) and the pump tank from December, 1999 
through November, 2000. Appendix A also includes the results of the same analyses 
performed on samples taken from the five piezometers in October and December, 2000.
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One duplicate sample was collected and submitted for analysis from one lysimeter 
during each monthly sampling event. Results of duplicate samples are included in 
Appendix A and the calculated percent difference between each sample and its duplicate 
are shown on Tables 5a and 5b. For those analytes where the reported concentrations in 
the sample and the duplicate were below the method detection limit, no percent 
difference could be calculated. These instances are denoted in Appendix A and in Tables 
5a and 5b as “BMDL”.
The highest concentrations of TKN occur in the pump tank (44 mg/L to 59 mg/L), 
while concentrations directly below both drainfields are relatively low. TKN 
concentrations are consistently below detection (1.0 mg/L) in the shallow lysimeters of 
both drainfields and are slightly higher (<1.0 to 2.4 mg/L) in the medium-depth 
lysimeters in the experimental drainfield. The deep lysimeters in both drainfields exhibit 
a decreasing trend in TKN concentrations with respect to time (Table 4).
Table 4. TKN Concentrations in the Deep Lysimeters of Both Drainfields Over the One-
CD-3 CD-4 ELD-1 ELD-2 ELD-3 1
sample date TKN (mg/L) TKN (mg/L) TKN (mg/L) TKN (mg/L) TKN (mg/L)
08-Dec-99 1.80 2 . 1 2 2 . 2 1 3.27 3.31
21-Jan-00 1 . 2 1 2.07 1.55 2.05 1.69
23-Feb-OO 1.40 1.38 1.53 1.31 1.38
r 24-Mar-OO 1 . 2 2 1.47 < 1 . 0 1.42 1.07
26-Apr-OO < 1 . 0 1.34 < 1 . 0 1.35 < 1 . 0
25-May-OO 1.49 1.65 1.19 1 . 0 0 1.26
28-Jun-00 < 1 . 0 1.34 < 1 . 0 1.09 < 1 . 0
28-Jul-OO 1.05 1.28 1.04 1.06 < 1 . 0
30-Aug-00 < 1 . 0 1.06 1.48 1 . 0 1 1 . 0 0
28-Sep-OO < 1 . 0 < 1 . 0 < 1 . 0 < 1 . 0 < 1 . 0
28-Oct-OO < 1 . 0 < 1 . 0 < 1 . 0 < 1 . 0 < 1 . 0
29-Nov-OO < 1 . 0 < 1 . 0 < 1 . 0 < 1 . 0 < 1 . 0
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TKN concentrations in the deep lysimeters of the conventional drainfield ranged 
from <1.0 to 2.12 mg/L and <1.0 to 3.27 mg/L in the experimental system. Based on the 
difference between TKN concentrations in the pump tank and in the shallow lysimeters 
of both drainfields, both systems appear to be oxidizing TKN nearly completely.
NIL'^-N, like TKN, is higher in the pump tank (35 mg/L to 55 mg/L) than in any of the 
lysimeter sample locations (Appendix A). NK '̂^-N is also generally below detection (0.1 
mg/L) in all of the samples except for those collected from the medium-depth lysimeters 
in the experimental drainfield (<0.1 to 1.96 mg/L). NO3 -N concentrations are highest in 
the aerobic zone of both drainfields and lowest below the treatment layer in the 
experimental drainfield. Nearly all of the phosphorous is removed by both systems 
(Tables 5a and 5b).
Results of samples collected on December 6 , 1999; one month after the two 
systems were installed, suggest that of the 31 inorganic constituents quantified by 
analysis on ICP, the only discernable trend is an increase in the concentration of calcium 
in the experimental drainfield from the shallow lysimeters (average 43 mg/L) to the deep 
lysimeters (average 257 mg/L; Appendix B).
Results of samples collected in November 2000 of the pump-tank effluent and the pore- 
water beneath the experimental and conventional systems are summarized in Tables 5a 
and 5b, respectively. In addition to the trends in the nitrogen compounds discussed above 
there is an increase in Mĝ "̂  concentrations with increasing depth beneath the 
experimental drainfield and an increase in both S0 4 ‘̂ and Ca^  ̂ concentrations with 
increasing depth beneath the conventional drainfield. In the experimental drainfield Mg^^ 
displays an increase from an average of 9.1 mg/L in the shallow lysimeters to an average
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of 48 mg/L in the deep lysimeters. In the conventional drainfield there is an increase in 
s o /  concentrations from an average of 31 mg/L in the shallow lysimeters to an average 
of 49.5 mg/L in the deep lysimeters and an increase in Ca^^ concentrations from an 
average of 43 mg/L in the shallow lysimeters to an average of 69 mg/L in the deep 
lysimeters.
Table 5a. Chemistry of the Experimental System Sampling Network in November 2000; 
after one year of operation.
Analyte
Pump
Tank
EfTluent
Shallow
Lysimeters
ELS-
Mid-Depth
Lysimeters
ELM-
Deep
Lysimeters
ELD-
-------------------- 1
Difference
in
Duplicates
(9&)1 2 3 1 2 3 1 2 3
<2 0 n c e n t r a t i 0 n ( m g / L )
NO3 -N <0.75 46 67 39 20 27 11 0.5 0.8 0.9 25%
N H /-N 35 <0.1 <0.1 <0.1 1.0 I.O 0.9 <0.1 <0.1 <0.1 BMDL
TKN 35 <1.0 <1.0 <1.0 1,6 1.1 1.4 < 1.0 <1.0 <1.0 BMDL
P (total) 4.6 2.9 2.3 2.4 0.9 3.1 0.4 0.03 0.04 0.03 5.6%
P O /-P 6.1 4.2 4.2 4.0 0.8 3.3 0.7 <1.0 <1.0 <1.0 2.0%
SO4- 9.6 28 34 25 32 29 29 7.2 16 31 0.6%
Fl <0.10 0.1 0.1 0.1 0.7 0.4 0.7 0.2 0.3 0.6 BMDL 1
Cl 30 34 34 34 34 34 33 36 34 33 4.7% 1
Ca-^ 13 74 80 64 72 84 70 96 70 90 3.5%
K+ 12 8.9 9,2 7.7 5.8 9.6 4.0 5.3 5.6 4.3 1.7%
Mg'^ 2.0 9.8 9.0 8.6 28 17 31 61 46 40 1.2%
Na* 110 114 122 115 121 122 115 92 109 105 2.7%
S 7.9 10 13 10 12 11 11 3.6 6.2 11 3.1%
Si 6.4 9.6 11 9.4 20 19 20 24 25 23 0.9%
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Table 5b. Chemistry of the Conventional System Sampling Network in November 2000; 
after one year of operation.
Analyte
Pump
Tank
Effluent
Shallow Lysimeters 
CL-
Deep Lysimeters 
CD-
Difference
in
Duplicates
(%)1 2 1 3 4
C o n c e n t r a t i o n  ( mg / L)
N03'-N <0.75 39 29 1 30 24 2.5%
NH4 ^-N 35 < 0 .1 < 0 .1 < 0 .1 < 0 .1 BMDL 1
TKN 35 < 1 .0 < 1 .0 < 1 .0 < 1 .0 BMDL
P (total) 4.6 0.7 2 .0 0 . 0 2 0 .0 1 5.6%
PO4' 6 .1 1.1 2 .1 < 0 .1 < 0 .1 2.0%
SO4 ' 9.6 32 30 41 58 0,6%
FI 1 <0.10 0 .2 0 .2 0 .2 0.4 BMDL
c r  1 30 35 34 34 38 4.7%
Ca"+ 13 39 47 1 60 76 3.5%
12 2.5 6.3 3.7 4.8 1.7%
2 .0 9.1 15 15 25 1.2%
Na"" 1 1 0 140 140 150 160 2.7%
S 7.9 12 11 15 2 0 3.1%
Si 6.4 24 19 T  26 28 0.9%
Figures 11 and 12 are plots of the concentrations, with respect to depth beneath 
the conventional system and experimental systems, of NOg'-N, NH4 ' -̂N, Cl , and S0 4  ̂ in 
samples collected in November 2000. The error bars denote the precision of the result 
based on the percent difference between duplicates. For those samples where the 
concentrations in the duplicates were below detection, the error bars show an estimated 
precision of 10 percent. Figure 11 shows the near complete oxidation of NHt^-N (35 
mg/L) to NO]'-N (34 mg/L) in the upper 3 ft of the vadose zone beneath the conventional 
system and then partial denitrification of the effluent after it has passed through the next 
3 ft of the vadose zone and reaches the deep lysimeters (27 mg/L). Chloride
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concentrations remain relatively constant through the profile, and S0 4  ̂ increases with 
depth.
Figure 12 shows vertical profiles of the same analytes beneath the experimental system. 
These profiles show near complete oxidation of NH4 '̂ -N (35 mg/L) to NOa’-N (51 ± 15 
mg/L) in the upper sand layer (22 to 46 in. bgs) and then almost complete denitrification 
of the effluent after it has passed through the treatment layer (46 to 6 6  in. bgs) and 
reaches the deep lysimeters (0.75 ± 0.24 mg/L) which are 81.6 in. bgs. Chloride 
concentrations also remain relatively constant through the profile. The average 
concentration decreases from 30 ± 1.7 mg/L in the mid-depth lysimeters of the 
experimental system to an average of 18 ± 12 mg/L in the deep lysimeters.
Figures 13 and 14 are plots of the denitrification rates (as calculated by equation 
9) beneath both the experimental and conventional drainfields during each month of 
operation. The error bars in these plots denote the estimated precision of the values based 
on the analytical precision of the NO3 -N result for the respective sampling event. Based 
on the monthly NO3 -N concentrations, the denitrification rate in the experimental system 
was greater than that in the conventional system for every month except for May, 2000. 
While the conventional system achieved a dénitrification rate of >80% during July, 
August, and September, 2000, the rate dropped to 44% and 19% respectively during 
October and November, 2000. The experimental system achieved a >90% denitrification 
rate during the six-month period extending from June to November 2000.
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Figure 11. Vertical Profiles of NO3 -N, S O / , and Cl' With Respect to Depth
Below the Conventional System in Samples Collected in Nov. 2000; After One Year of 
Operation.
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NOTE: the % difference between duplicate samples for each of the four analytes were (N O 3-N; 
2.5%, BMDL (plotted as 10%), S O / ; 0.2%, and Cl ; 0.3%). See Appendix A and C.
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Figure 12. Vertical Profiles of NO3 -N, NH4 ‘*’-N, S O / , and Cl With Respect to Depth 
bgs in the Experimental System in Samples Collected in Nov. 2000; After One Year of 
Operation.
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NOTE: the % difference between duplicate samples for each of the four analytes were (N03~N; 
2.5%, N H /-N ; BMDL (plotted as 10%), S04  ̂ ; 0.2%, and Cl ; 0.3%). See Appendix A and C.
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Figure 13. Calculated Denitrification Rate Observed in the Conventional Drainfield Over 
the 12-month Study Period.
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Figure 14. Calculated Denitrification Rate Observed in the Experimental Drainfield Over 
the 12-month Study Period.
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Field Measurement
pH values ranged from 6.48 to 8.23 with the vast majority of the samples 
measuring between 7 and 8 . On average the values from the pump tank (PT-1) are 
slightly higher; averaging 7.84. Specific conductance ranged from 811 pS to 2260 pS, 
with the exception of sample PT-1 on November 29, 2000, which was elevated to 6360 
P-s by the addition of NaCl at the onset of the tracer experiment. Specific conductance 
shows a slightly increasing trend with respect to depth in the experiment system.
Tracer Results
The breakthrough curves of specific conductance with respect to elapsed time for 
each of the 13 lysimeters are included as Appendix G. The curves are shown in groups 
for the conventional system in Figure 15 and for the experimental system in Figure 16. 
The different shapes of these curves within a particular depth category indicate that the 
individual layer units do not behave as homogeneous units. Among the shallow 
lysimeters, for example, ELS-2 shows an increase in specific conductance only two days 
after the tracer was injected, while ELS-1 doesn’t show an increase until day 14, and 
ELS-3 begins to show an increase 15 days after the tracer was injected. Likewise, both 
the medium-depth and deep lysimeters exhibit similar variability.
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Breakthrough Curves of Shallow Lysimeters - Conventional Drainfield
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Figure 15. Breakthrough Curves for the Conventional Drainfield
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Breakthrough Curves of Shallow Lysimeters - Experimental Drainfield
7 0 0 0
6 0 0 0
5 0 0 0
4 0 0 0
3 0 0 0
2000
1000
♦  ELSI cond. 
■ EL S2 cond. 
A EL S3 cond.
■ ■
■ *
A ♦
7 0 0 0
6 0 0 0
5 0 0 0
w
2  4 0 0 0
1  3 0 0 0  
8
2000
1000
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
e la p s e d  tim e  (days)
Breakthrough Curves of Mid-Depth Lysim eters - Experimental
Drainfield
♦  ELM1 cond. 
■ ELM2 cond. 
A ELM3 cond.
• I  A A
f  A .
A A
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
e la p s e d  tim e  (days)
Breakthrough Curves of D eep Lysim eters - Experimental Drainfield
7 0 0 0  
6 0 0 0  
5 0 0 0
8 4 0 0 0wE
=  3 0 0 0  
8
2000
1000
0
♦  EL01 cond. 
■ ELD2 cond. 
A ELD3 cond.
fi—6-
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
e la p s e d  tim e  (days)
Figure 16. Breakthrough Curves for the Experimental Drainfield
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Based on the breakthrough curves, a value of the shortest probable residence time 
within the treatment layer can be estimated. Because sample ELS-2 (depth 43 in.) shows 
an increase in specific conductance 2 days after tracer injection, and ELD-3 (depth 56 in.) 
shows an increase 39 days after tracer injection, the difference between these elapsed 
times provides an estimated residence within the treatment layer (for the constant loading 
rate of 68.4 gal/day) of approximately 37 days. During the experiment the tracer moved 
at an average velocity of 1.21 in/day. Figure 17 shows the breakthrough curves for 
lysimeters ELS-2 and ELD-3 and the estimated residence time within the treatment layer. 
Beneath the conventional drainfield sample CL-2 (depth 45 in.) shows an increase in 
specific conductance 12 days after tracer injection, and CD-3 (depth 78 in.) shows an 
increase 45 days after tracer injection (an average velocity of 2.36 in/day).
Breakthrough Curves of ELS-2 and ELD-3
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Figure 17. Breakthrough Curves for ELS-2 and ELD-3 Along with the Estimated 
Residence Time Within the Treatment Layer.
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Groundwater Geochemistry
The locations of the five piezometers (PI, P2, P3, P4, and P5) relative to the two 
drainfields are shown in Appendix E (Plots of the Potentiometric Surface at the Site). 
Groundwater samples were eollected from each piezometer in October, November, and 
December 2000. The complete results of analyses performed on these samples are 
included in Appendix A and Appendix C and are summarized in Table 6 . Results from 
each groundwater sample are similar with the exception of slightly elevated 
concentrations of Cl', NO3 ', Ca^^, and Na^ in sample P2, which is up-gradient of both 
drainfields, and slightly elevated total phosphorous in sample P5, which is the furthest 
down-gradient groundwater sample location.
Table 6. Selected Differences Among Groundwater Sample Results.
Constituent P2 PI P3 P4 P5 -
cr 13 mg/L 6.6 mg/L 7.2 mg/L 6.5 mg/L 7.0 mg/L
C a ^ 61 mg/L 57 mg/L 57 mg/L 57 mg/L 57 mg/L
Na+ 13 mg/L 8.5 mg/L 8.7 mg/L 7.9 mg/L 8.3 mg/L 1
P5 PI P2 P3 P4
P 1.40 mg/L 0.03 mg/L 0.11 mg/L 0.03 mg/L 0.02 mg/L
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Chapter 5: DISCUSSION
The primary focus of this discussion will be the denitrification efficiency of the 
experimental system. The experimental system is compared to: l.)conventional septic 
systems from the literature, 2 .) the conventional system installed during this study, and 
3.) other nitrogen removal designs from the literature. Other observed trends in the 
chemical data from the experimental system are discussed. There is an interpretation of 
the tracer study results and a discussion of the longevity of the carbon source in the 
experimental system’s treatment layer.
Observed Denitrification Rates 
Experimental System
The experimental system established a consistent denitrification rate of >90% 
during the last six months of monitoring. Denitrification rates were close to zero after the 
first month of operation, and this most likely reflects the time period necessary for 
denitrifying bacteria to colonize the zone below the drainfields (Jones, et. al., 1998). 
Denitrification rates in January and February 2000 were relatively high (8 6 % and 82% 
respectively). This may indicate a period during which a higher rate of assimilative 
metabolism of NO3 is occurring. During this time NO3 would be reduced to satisfy the 
needs of the nutrient for growth, as nitrogen is assimilated into cell material.
During March, April, and May the denitrification rate then dropped to around 
50%. This lag in the system’s ability to denitrify may be due to colder air temperatures 
during the months prior to this time. The fact that the denitrification rate in the 
experimental system then increased to greater than 93% during June through November,
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may be additional evidence that denitrification rate is correlated with changes in air 
temperature. Figures 18 and 19 are plots of the calculated denitrification rates in both 
systems along with the mean air temperature for Missoula taken from the National 
Weather Service Database. The temperatures presented are the monthly averages of daily 
high and low temperatures during the study period.
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Figure 18. Denitrification Rate in the Experimental System and Mean Air Temperature 
in Missoula
The overall denitrification rate observed in the experimental system over the 12- 
month monitoring period (excluding the December 1999 data) was 82%. This rate is 
equal to or greater than those denitrifying systems discussed previously. The average 
denitrification rate observed during the last six months of monitoring was 97%. This rate 
is greater than any of the systems encountered in the literature. Both of these averages 
are well above the nitrogen removal rates expected from a conventional system.
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Conventional System
The denitrification rates observed in the conventional system from month to 
month show less of a trend. The system exhibited a similar increase during the first two 
months (December to February) from zero to 44% and 49%, and this may also reflect 
attenuation through assimilative metabolism of NO3 . The sharp decrease in 
denitrification rate observed during February through April (35% and 8 % respectively) is
Conventional Drainfield Denitrification Rate
-♦—  d e n itr if ic a tio n  r a te100 60
-  -  m e a n  te m p
70
- 50
40 ®
20
Dec-99 Jan-00 Feb-00 Mar-00 Apr-00 May-00 Jun-00 Jul-00 Aug-00 Sep-00 Oct-OO Nov-00
m onthly sam pling event
Figure 19. Denitrification Rate in the Conventional System and Mean Air 
Temperature in Missoula
similar to that observed in the experimental system. The conventional system then 
exhibits a rising trend in denitrification rate from 8 % in April to 93% in September, and a 
very sharp decrease during October and November (44% and 19% respectively).
Neither of the drainfields was instrumented with thermometers, so the effect of 
changing air temperature on the temperature of the pore water beneath the drainfields 
during the study is unknown. However, temperature is one of the most important 
environmental factors affecting the growth and survival of microorganisms, and even
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slight changes in temperature that may occur in the subsurface could effect the rate of 
enzymatic reactions in the denitrifying bacteria (Madigan et. al., 2000). This variation in 
denitrification with respect to air temperature is similar to that observed by Jones et. al 
(1998) in an intermittent sand filter system. The validity of this hypothesis that 
denitrification rate is somehow correlated with air temperature, may be proven further as 
the study continues and denitrification rate is plotted along with air temperature patterns 
over the next year.
Denitrification Capacitv
Another possible explanation for the decrease in denitrification observed in the 
conventional system, is that the vadose zone material’s denitrification capacity has been 
depleted. It has been demonstrated that the availability of labile organic carbon controls 
the rate of denitrification when nitrate is present. Starr and Gillham (1993) demonstrated 
that any additional organic carbon flux from the shallow soil zone can be consumed by 
increased heterotrophic activity in the carbon-limited unsaturated zone. Because there 
were high rates of denitrification occurring beneath the conventional drainfield during 
selected months, it is presumed that both anaerobic conditions and an available organic 
carbon supply were present during certain times. Based on the fact that the loading rate 
to the system was relatively constant during the study, it is likely that these variations in 
denitrification rate are a result of changes in the supply of organic carbon and not 
alternating aerobic and anaerobic conditions.
The average denitrification rate observed in the conventional system over the 12- 
month monitoring period (excluding the December 1999 data) was 53%. As discussed
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previously, this rate is higher than is generally expected from a conventional drainfield 
(0% to 40%). This value is almost high enough for the system to qualify as an MDEQ 
Level 2 treatment system (60% removal). However, the last two months of data seem to 
indicate that the denitrification capacity of the vadose zone material beneath this system 
has been exceeded, and that the average denitrification rate in this system will not sustain 
this level.
Controls on Other Chemical Trends
The trend in the behavior of both TKN and NH4 '̂  is interesting. Slightly higher 
observed concentrations of TKN and NH^^ in the medium-depth lysimeters in the 
experimental drainfield (as compared to the shallow and deep lysimeters) may indicate 
that some organic nitrogen is derived from the material in the treatment layer. This is 
most likely due to the leaching of organic nitrogen from the sawdust. Robertson and 
Cherry (1995) observed similar increases in NH4 '̂  below the treatment layer at the 
Killamy site. These elevated concentrations are presumably not the result of incomplete 
effluent nitrification, because there is virtually no NH4  ̂present in the shallow lysimeters 
beneath either drainfield. Furthermore, the concentrations of TKN and NH4  ̂ are 
consistently at or below the detection limit in the shallow and deep lysimeters beneath the 
conventional system.
The apparent decrease in S O / from the shallow to the deep lysimeters beneath 
the experimental system may indicate that conditions within the treatment layer are 
sufficiently reducing for reduction to take place. However, the relatively high
variability of the S0 4 ‘̂ results (29 ± 5 mg/L in the shallow lysimeters and 18 ± 12 mg/L
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in the deep lysimeters) makes this a statistically invalid conclusion. This variability of 
the s o /  concentration in the deep lysimeters indicates that there was a decrease in S O / 
concentrations with depth is certain portions of the treatment layer and not in others. The 
observation that Cl concentrations remain relatively constant with respect to depth 
beneath the experimental system lends credence to the conclusion that the attenuation of 
NO] is due to denitrification and not some unforeseen source of dilution.
The source of the increase in S O / concentrations with depth beneath the 
conventional drainfield in unknown. The source of the increase in concentrations 
beneath the conventional drainfield and the increase in concentrations beneath the 
experimental drainfield may be indirect affects of redox changes beneath the drainfields. 
CaCO] is often dissolved in drainfields in order to buffer the acidity released during NH4  ̂
oxidation, which results in increased Ca^  ̂ concentrations in the effluent. Other cations 
such as Mĝ "̂  may also be released from the solid phase during buffering reactions such 
as mineral dissolution or cation exchange (Bohn et al., 1985).
Tracer Data
Because both the sand and the fine sand and sawdust layers are known to be 
highly homogeneous, the variations among the breakthrough curves at each depth 
category most likely reflect the formation of preferential pathways within the layers. 
Despite efforts to seal the area around the polyethylene tubes, which extend from the top 
of each lysimeters to the surface, effluent may be traveling more rapidly along the outside 
of these tubes.
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The results of the tracer experiment illustrate that the treatment layer was 
designed to be larger than was necessary for the volume of effluent that the system 
processed during the course of the study. The residence time in the layer as calculated by 
the tracer study (39 days) was approximately 4.5 times greater than the residence time 
which can be estimated by calculating the velocity of water moving through the layer 
(8.75 days) based on equation 2. Because each of the parameters which go into 
calculating linear velocity (i.e. Q, n^ and A) are well-understood in this problem, it is 
likely that the assumption of a constant area receiving input or the gradient of 1 is invalid. 
It is possible that the treatment layer does not remain saturated throughout its 20-inch 
thickness. In this case, some portion of the infiltrating effluent would be travelling as 
unsaturated flow. Therefore, the velocity of water travelling downward through the 
unsaturated portion of the layer would be much slower than that moving through the 
saturated portion. Unsaturated flow is governed by either gravity potential or moisture 
potential; depending on the moisture content of the material. As the moisture content of 
the material increases, more pores are filled, and the rate of downward movement of 
water increases (Fetter, 1994). Therefore, it is assumed that effluent moving through the 
unsaturated portion of the treatment layer moves more slowly than that which moves as 
saturated flow. This may explain the difference between the calculated and observed 
residence times.
Based on the breakthrough curves, the vertical velocity of the effluent beneath the 
experimental drainfield was approximately 1.2 in/day and twice that (2.4 in/day) beneath 
the conventional system. This difference reflects the properties of the more coarse­
grained native material beneath the conventional system.
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Effects of Loading Rate Variability
The high variability in the loading rate to the two systems, which occurred during 
the last four months of monitoring, may have had an effect on the observed 
denitrification rates. When viewed in conjunction with denitrification rate there is no 
apparent correlation with the data from the experimental system, but there may be a 
correlation in the case of the conventional system. Figure 20 is a plot of the 
denitrification rate observed beneath the conventional system along with the average 
loading rate to the drainfield.
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Figure 20. Observed Denitrification Rates in the Conventional Drainfield and Loading Rate to the System
The inability of the conventional system to attenuate nitrate during October and 
November 2000 certainly seems to correlate with the decreased loading to the system. 
This observation is consistent with the findings of Jones, et. al. (1998) which 
demonstrated increased efficiency of nitrate removal in an intermittent sand filter system
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which corresponded to a higher loading rate than normal. The increased loading may 
produce temporarily saturated zones, which produce the anaerobic conditions necessary 
for denitrification.
Depletion of the Carbon Source
A total of 3 cu yards (2.3 m^) of sawdust was incorporated into the treatment 
layer. Based on the information given by the lumber company from which the sawdust 
was purchased, one m  ̂ of this material weighs approximately 1800 kg. This means that 
there is 4140 kg of sawdust in the layer. Assuming a standard single-system loading rate 
of 150 gallons/day of effluent containing 50 mg/1 NOs'-N, the annual loading of NOa^N 
to the system would be approximately 11 kg/year. The following equation, which 
describes dissimilative denitrification (Delwiche, 1981) shows that denitrification of 1 kg 
of NO3' requires approximately 1 kg of carbon.
5 CH2O + 4 NO3 -> 5CÛ2 + 2 N2 + 3 H2O + 40H  (eq. 10)
This means that if only 10% of the sawdust is labile organic carbon, the carbon mass 
would last for 37 years at a loading rate of 150 gal/day.
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Chapter 6: CONCLUSIONS AND RECOMMENDATIONS
Conclusions
The primary purpose of this study was to document the denitrification rate of the 
experimental system as compared to the conventional system, and to develop an 
understanding of the physical and biochemical factors, which control the experimental 
system’s ability to attenuate nitrate. This was accomplished by quantifying the 
concentrations of nitrogen compounds below both drainfields over a one-year period, and 
by documenting the loading rate to the experimental system along with the effluent 
residence time within the treatment layer.
The experimental system demonstrated an ability to attenuate nitrate that 
exceeded that of the conventional system. The conventional system did attenuate nitrate, 
but its ability to do so was less predictable than in the experimental system. The 
conventional system seems to have been sensitive to air temperature and/or loading rate, 
while the experimental system showed little change in denitrification ability in response 
to these variables. Specific findings were as follows:
1. The porous media system was capable of a denitrification rate, which was 
consistently greater than 90% during the second six-month period when the 
loading rate to the system varied from 30 gal/day to 120 gal/day.
2. During this same six-month period the effluent, which had passed through the 
treatment layer, contained nitrate-N concentrations, which were reduced to less 
than 3 mg/L.
3. The ability of a conventional septic system to attenuate nitrate is based on the 
organic carbon content and the hydraulic properties of the vadose zone media.
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4. Based on the warranted concerns over nitrate contamination of groundwater 
created by high densities of conventional septic systems, and the current 
legislation, which attempts to address these concerns, alternative methods for 
onsite domestic wastewater treatment will continue to generate interest. This 
research demonstrates that the described experimental system can be a promising 
part of the solution to the problem of nitrate loading from septic systems.
Recommendations
Over the course of this study several ideas for additional research that could lead 
to greater clarity in answering of the initial study objectives became apparent. The 
following is a list of those topics, which have been identified:
1. It is not clear how the relatively low loading rate to the experimental system 
affected the observed denitrification rate. The system was designed with the 
appropriate valves so that the full effluent stream from the home could eventually 
be directed into the experimental system. It is suggested that after three more 
months of observation under the current configuration, that the conventional 
system be abandoned and that the experimental system receive the full effluent 
load. This procedure would clarify the affect of increased loading rate on the 
system’s ability to attenuate nitrate-N.
2. In order to determine what portion of the treatment layer is saturated at any given 
time, it is suggested that a piezometer be added to the treatment layer. The 
suggested instrument would be a piezometer installed in the treatment layer such
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that the open end were placed directly above the bottom of the layer. While this 
instrument would have to be installed with particular care taken in sealing the 
casing throughout its length, such an instrument would conveniently allow 
researchers to determine what portion of the treatment layer is saturated at any 
given time.
The research by Robertson and Cherry (1995) demonstrated that in the early 
phases of the experiment, there was leaching of dissolved organic carbon (DOC) from the 
treatment layer. After one year of operation, however, DOC concentrations through the 
layer ranged from 20-25 mg/L when effluent concentrations were 47 mg/L. In order to 
determine the amount of DOC leaving the treatment layer, it is suggested that additional 
data collection include measurements of organic carbon in all of the lysimeters and the 
pump tank over a period of three months.
The denitrification data suggests that there may be a correlation between air 
temperature and denitrification rate. The Missoula Valley Water Quality District plans to 
continue collecting samples at the site. The extension of this data collection over a one- 
year period may provide the evidence necessary to substantiate this correlation.
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Appendix A
Analytical Results of Monthly Sampling
S am ples;
M ethod D etection Limit <0.10 < 1.0 <0.10 <0.01
sam ple  
sam ple ID  d ate  
PT-1 08-D ec-99  
21-Jan-OO
23-Feb-OO
24-Mar-OO 
2 6 -Apr-00
25-May-OO 
28-Jun-OO 
28-JuI-OO 
30-A ug-00  
28-Sep-OO
28-Oct-OO
29-Nov-OO
N H / - N  (m g/L)
48.86  
45.63  
44 .02  
44.57  
51.24
42.87  
37.72  
47.49  
55.14  
54 .26  
50.76  
34.97
T K N  (m g/L )
50 .50
51.89
48.65
53.62
53.20  
48.23  
43.78  
52.95  
58.86
58 .20  
50.72  
35.34
N O ) -N (m g/L )
< 0 . 1 0
< 0 . 1 0
< 0 . 1 0
< 0 . 1 0
0.65
< 0 . 1 0
0 . 2 1
< 0 . 1 0
0.13
< 0 . 1 0
< 0 . 1 0
< 0 . 1 0
P (m g/L) 
6.87  
0.71 
0.71 
6.43  
0.14  
6.80  
7.25  
7.80  
7.20  
8.05 
6.73  
4.59
Sam ples;
Method D etection Limit <0 . 1 0 < 1 . 0 < 0 . 1 0 <0 . 0 1
sam ple  
sam ple ID d ate N H /  -N (m g/L ) T K N  (m g/L ) N O ) -N (m g/L ) P (m g/L )
CL-1 08-D ec-99 < 0 . 1 0 1.50 11.84 0.17
21-Jan-OO < 0 . 1 0 < 1 . 0 36.16 0 . 1 0
23-Feb-OO < 0 . 1 0 < 1 . 0 51.43 0.13
24-Mar-OO < 0 . 1 0 < 1 . 0 58.03 0.08
26-Apr-OO < 0 . 1 0 < 1 . 0 54.09 0 . 1 0
25-May-OO < 0 . 1 0 < 1 . 0 39.86 0.25
28-Jun-OO < 0 . 1 0 < 1 . 0 38.50 0.46
28-Jul-OO < 0 . 1 0 < 1 . 0 42.51 0.49
30-A ug-00 < 0 . 1 0 < 1 . 0 44.87 0.51
28-Sep-OO < 0 . 1 0 < 1 . 0 37.38 0 . 6 6
28-Oct-OO < 0 . 1 0 < 1 . 0 32.37 1.27
29-Nov-OO < 0 . 1 0 < 1 . 0 38.74 0.70
Sam ples;
M ethod Detection Limit < 0 . 1 0 < 1 . 0 <0 . 1 0 <0 . 0 1
sam ple  
sam ple ID date N H / - N  (m g/L) T K N  (m g/L ) N O ) -N (m g/L ) P (m g /L )
C L -2 08-D ec-99 < 0 . 1 0 1.07 8.17 0.08
21-Jan-OO <0 . 1 0 < 1 . 0 35.72 0.09
23-Feb-OO 0.14 < 1 . 0 53.76 0 . 1 2
24-Mar-OO < 0 . 1 0 < 1 . 0 47.36 0.26
26-Apr-OO < 0 . 1 0 < 1 . 0 48.93 0.14
25-May-OO < 0 . 1 0 < 1 . 0 34.52 1.52
28-Jun-OO < 0 . 1 0 < 1 . 0 37.95 1.58
28-Jul-OO < 0 . 1 0 < 1 . 0 35.17 1.40
30-A ug-00 < 0 . 1 0 < 1 . 0 26.37 1.34
28-Sep-OO < 0 . 1 0 < 1 . 0 42.68 1.40
28-Oct-OO < 0 . 1 0 < 1 . 0 34.85 2.34
29-Nov-OO < 0 . 1 0 < 1 . 0 28.72 2 . 0 0
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Samples
M ethod D etection Limit <0 . 1 0 < 1 . 0 < 0 . 1 0 < 0 . 0 1
sample ID sample date N H /-N  (mg/L) TKN (mg/L) NO] -N(mg/L) P (mg/L)
CD-3 08-D ec-99 0 . 1 1 1.80 17.60 < 0 . 0 1
21-Jan-OO 0.19 1 . 2 1 30.29 0.07
23-Feb-OO 0 . 2 1 1.40 24.11 0.05
24-Mar-OO < 0 . 1 0 1 . 2 2 37.03 0.03
26-Apr-OO < 0 . 1 0 < 1 . 0 50.62 0 . 0 2
25-May-OO < 0 . 1 0 1.49 6.83 0 . 0 2
28-Jun-OO < 0 . 1 0 < 1 . 0 23.50 0.03
28-Jul-OO < 0 . 1 0 1.05 9.19 0.04
30-A ug-00 < 0 . 1 0 < 1 . 0 5.85 0.03
28-Sep-OO <0 . 1 0 < 1 . 0 4 .36 0.04
28-Oct-OO < 0 . 1 0 < 1 . 0 22.24 0 . 0 2
29-Nov-OO < 0 . 1 0 < 1 . 0 30.31 0 . 0 2
Samples
M ethod D etection Limit < 0 . 1 0 < 1 . 0 < 0 . 1 0 < 0 . 0 1
sample ID sample date N H /.N  (mg/L) TKN (mg/L) NO] -N(mg/L) P (mg/L)
CD-4 08-D ec-99 0.15 2 . 1 2 9.13 < 0 . 0 1
21-Jan-OO 0.37 2.07 1 0 . 2 1 0.06
23-Feb-OO <0 . 1 0 1.38 29.66 0.08
24-Mar-OO 0.17 1.47 31.66 0 . 0 2
26-Apr-OO < 0 . 1 0 1.34 44.25 0 . 0 2
25-May-OO < 0 . 1 0 1.65 19.58 0 . 0 2
28-Jun-OO < 0 . 1 0 1.34 12.78 0.03
28-JuI-OO < 0 . 1 0 1.28 6 . 1 0 0.04
30-A ug-00 < 0 . 1 0 1.06 1.91 0 . 0 2
28-Sep-OO < 0 . 1 0 < 1 . 0 1 . 1 0 0 . 0 2
28-Oct-OO < 0 . 1 0 < 1 . 0 15.14 0 . 0 1
29-Nov-OO < 0 . 1 0 < 1 . 0 24.10 0 . 0 1
Samples
M ethod Detection Limit < 0 . 1 0 < 1 . 0 < 0 . 1 0 <0 . 0 1
sample ID sample date N H /-N  (mg/L) TKN (mg/L) NO] -N(mg/L) P(m g/L)
ELS-1 08-D ec-99 < 0 . 1 0 < 1 . 0 0.59 0 . 2 0
21-Jan-OO < 0 . 1 0 1.04 1 2 . 1 2 0.05
23-Feb-OO < 0 . 1 0 < 1 . 0 42.36 0.06
24-Mar-OO < 0 . 1 0 < 1 . 0 62.92 0.06
26-Apr-OO <0 . 1 0 < 1 . 0 69.45 0.08
25-May-OO < 0 . 1 0 < 1 . 0 38.42 0.57
28-Jun-OO <0 . 1 0 < 1 . 0 42.38 0.91
28-Jul-OO < 0 . 1 0 1.06 38.10 2.89
30-A ug-00 <0 . 1 0 < 1 . 0 40.11 3.78
28-Sep-OO < 0 . 1 0 < 1 . 0 50.04 4.10
28-Oct-OO <0 . 1 0 < 1 . 0 40.60 3.82
29-Nov-OO <0 . 1 0 < 1 . 0 46.26 2.94
Samples
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M ethod D etection Limit <0 . 1 0 < 1 . 0 <0 . 1 0 < 0 . 0 1
sam ple ID sam p le d ate N H / - N  (m g/L ) T K N  (m g/L ) N O ] -N (m g/L ) P (m g/L)
E L S-2 08-D ec-99 0.13 < 1 . 0 1.96 0 . 2 2
2 1 'Jan-00 < 0 . 1 0 1.13 18.86 0.06
23-Feb-OO 0 . 2 2 < 1 . 0 55.80 0.08
24-Mar-OO 1.37 1.94 54.03 1.07
26-Apr-OO < 0 . 1 0 < 1 . 0 56.94 0 . 1 2
25-May-OO < 0 . 1 0 < 1 . 0 35.57 2.70
28-Jun-OO <0 . 1 0 < 1 . 0 43.81 3.32
28-Jul-OO < 0 . 1 0 < 1 . 0 40.31 4.20
30-A ug-00 < 0 . 1 0 < 1 . 0 44.72 3.70
28-Sep-OO 0.30 < 1 . 0 44.17 4.75
28-Oct-OO < 0 . 1 0 < 1 . 0 56.72 3.78
29-Nov-OO < 0 . 1 0 < 1 . 0 66.80 2.30
S am ples
M ethod D etection Limit < 0 . 1 0 < 1 . 0 < 0 . 1 0 < 0 . 0 1
sam ple ID sam ple date N H /  -N  (m g/L ) T K N  (m g/L ) N O ] -N (m g/L ) P  (m g/L)
E L S-3 08-D ec-99 0.35 < 1 . 0 0.32 0.59
21-Jan-OO <0 . 1 0 < 1 . 0 0.45 0.05
23-Feb-OO 0 . 1 0 1 . 0 1 4.46 0.08
24-Mar-OO 0.83 1.79 13.61 0.34
26-Apr-OO 0 . 1 0 < 1 . 0 84.16 0.04
25-May-OO <0 . 1 0 < 1 . 0 52.22 1.07
28-Jun-OO <0 . 1 0 < 1 . 0 40.35 1.17
28-Jul-OO <0 . 1 0 1 . 0 0 21.37 2.45
30-A ug-00 <0 . 1 0 < 1 . 0 36.55 3.20
28-Sep-OO <0 . 1 0 < 1 . 0 42.38 3.83
28-Oct-OO < 0 . 1 0 < 1 . 0 37.56 3.70
29-Nov-OO <0 . 1 0 < 1 . 0 38.49 2.42
Sam ples
M ethod Detection Limit <0 . 1 0 < 1 . 0 < 0 . 1 0 < 0 . 0 1
sam ple ID sam ple d ate N H / - N  (m g/L ) T K N  (m g/L ) N O ] -N (m g/L ) P (m g/L )
EL M -1 08-D ec-99 <0 . 1 0 1.39 < 0 . 1 0 0.42
21-Jan-OO < 0 . 1 0 1.39 2 . 8 8 0.04
23-Feb-OO < 0 . 1 0 < 1 . 0 32.38 0.05
24-Mar-OO < 0 . 1 0 < 1 . 0 46.25 0 . 0 2
26-Apr-OO < 0 . 1 0 1.36 31.58 0 . 0 2
25-May-OO 0.16 1.49 1 2 . 1 1 0.06
28-Jun-OO 0.31 1.59 1 2 . 8 8 0.15
28-Jul-OO 0.61 1.78 3.30 0.15
30-A ug-00 0.78 2.04 7.96 0 . 1 0
28-Sep-OO 0 . 6 8 1.28 1.60 0.36
28-Oct-OO 0.96 1.67 11.08 0.47
29-Nov-OO 1.04 1.64 19.81 0.91
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Samples
M ethod D etection Limit < 0 . 1 0 < 1 . 0 < 0 . 1 0 < 0 . 0 1
sample ID sample date N H /-N  (mg/L) TKN (mg/L) NO) -N(mg/L) P (mg/L)
ELM-2 0 8 -D ec-99 <0 . 1 0 1.16 < 0 . 1 0 <0 . 0 1
21-Jan-OO <0 . 1 0 1.44 2.60 0.05
23-Feb-OO <0 . 1 0 < 1 . 0 32.21 0 . 1 1
24-Mar-OO 0.46 < 1 . 0 4.87 0.33
26-Apr-OO 1.96 1 . 6 6 35.39 0.30
25-May-OO 1.31 2.40 24.57 2.55
28-Jun-OO 1.29 2.07 24 .10 2.64
28-Jul-OO 1.24 1.79 30.04 2.58
30-A ug-00 0.87 1.39 23.54 2.98
28-Sep-OO 0.90 < 1 . 0 31.20 3.15
28-Oct-OO 1.04 1.56 22.64 3.37
29-Nov-OO 1.04 1 . 1 0 27.07 3.09
Samples
M ethod D etection Limit < 0 . 1 0 < 1 . 0 < 0 . 1 0 < 0 . 0 1
sample ID sample date N H / -N (mg/L) TKN (mg/L) NO) -N(mg/L) P (mg/L)
ELM-3 08-D ec-99 < 0 . 1 0 1.34 <0 . 1 0 0.19
21-Jan-OO < 0 . 1 0 1.25 29.10 0.05
23-Feb-OO < 0 . 1 0 1.26 15.18 0.04
24-Mar-OO < 0 . 1 0 < 1 . 0 34.99 0.04
26-Apr-OO < 0 . 1 0 < 1 . 0 52.73 0 . 0 2
25-May-OO 0.15 1.60 8.87 0.08
28-Jun-OO 0.29 1.60 16.67 0.06
28-Jul-OO 0.47 1.67 7.57 0 . 1 2
30-A ug-00 0.56 1.92 21.55 0.56
28-Sep-OO 0.58 1.32 2.80 0.96
28-Oct-OO 0.81 1.51 9.83 0.67
29-Nov-OO 0.88 1.42 10.89 0.39
Samples
Method Detection Limit < 0 . 1 0 < 1 . 0 < 0 . 1 0 <0 . 0 1
sample ID sample date N H / -N (mg/L) TKN (mg/L) NO) -N(mg/L) P (mg/L)
ELD-1 08-D ec-99 < 0 . 1 0 2 . 2 1 0.16 0.13
21-Jan-OO 0 . 2 1 1.55 0.78 0.09
23-Feb-OO < 0 . 1 0 1.53 10.94 0.30
24-Mar-OO < 0 . 1 0 < 1 . 0 32.89 0.03
26-Apr-OO <0 . 1 0 < 1 . 0 35.35 0.07
25-May-OO < 0 . 1 0 1.19 1.61 0.03
28-Jun-OO < 0 . 1 0 < 1 . 0 0.40 0.04
28-Jul-OO < 0 . 1 0 1.04 0.53 0.04
30-A ug-00 0 . 1 0 1.48 0 . 6 8 0 . 1 0
28-Sep-OO < 0 . 1 0 < 1 . 0 0.63 0.04
28-Oct-OO < 0 . 1 0 < 1 . 0 0.58 0.05
29-Nov-OO < 0 . 1 0 < 1 . 0 0.48 0.03
Samples
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M ethod D etection Limit < 0 . 1 0 < 1 . 0 <0 . 1 0 <0 . 0 1
sample ID sample date NH4 -N (mg/L) TKN (mg/L) NO) -N(mg/L) P (mg/L)
ELD-2 0 8 -D ec-99 0.30 3.27 0.98 < 0 . 0 1
21-Jan-OO 0 . 1 0 2.05 2.17 0.05
23-Feb-OO <0 . 1 0 1.31 1.14 0.05
24-Mar-OO <0 . 1 0 1.42 7.42 0.03
26-Apr-OO <0 . 1 0 1.35 16.99 0.03
25-May-OO <0 . 1 0 1 . 0 0 16.86 0.03
28-Jun-OO <0 . 1 0 1.09 1 . 2 1 0.03
28-Jul-OO < 0 . 1 0 1.06 0.79 0.04
30-A ug-00 < 0 . 1 0 1 . 0 1 0.78 0.04
28-Sep-OO < 0 . 1 0 < 1 . 0 0.64 0.05
28-Oct-OO < 0 . 1 0 < 1 . 0 0.62 0.03
29-Nov-OO < 0 . 1 0 < 1 . 0 0.82 0.04
Samples
Method Detection Limit <0 . 1 0 < 1 . 0 < 0 . 1 0 <0 . 0 1
sample ID sample date NH4  ̂-N (mg/L) TKN (mg/L) NO) -N(mg/L) P (mg/L)
ELD-3 08-D ec-99 < 0 . 1 0 3.31 2.64 0 . 2 0
21-Jan-OO 0.32 1.69 1.46 0.07
23-Feb-OO < 0 . 1 0 1.38 6.19 0.05
24-Mar-OO < 0 . 1 0 1.07 26.83 0.03
26-Apr-OO < 0 . 1 0 < 1 . 0 53.32 0.04
25-May-OO < 0 . 1 0 1.26 42 .14 0.03
28-Jun-OO < 0 . 1 0 < 1 . 0 4.03 0.04
28-Jul-OO <0 . 1 0 < 1 . 0 1.35 0.04
30-A ug-00 < 0 . 1 0 1 . 0 0 3.69 0.04
28-Sep-OO < 0 . 1 0 < 1 . 0 0.69 0.04
28-Oct-OO < 0 . 1 0 < 1 . 0 7.14 0.03
29-Nov-OO < 0 . 1 0 < 1 . 0 0.94 0.03
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Results of Monthly Duplicate Samples with Calculated % Difference Between
Duplicates
sam
CL-1
duplicate (CL-1)
% difference in 
D upl^tes
ELM-1
duplicate (ELM-1) 
% difference in
ELD-2
duplicate (ELD-2) 
% difference in 
Dupj^ates
CD-4
duplicate (CD-4)
% difference in 
Duplicates
08-Dec-99
08-Dec-99
21-Jan-OO
21-Jan-OO
0 . 0 0 1.50 11.84 0.17
0.03 1.42 1 2 . 1 0 0.15
BMDL
0.03 1.39 2 . 8 8 0.04
0.04 1.42 3.02 0.05
BMDL 2 .1 % 4.7% 2 2 .2 %
23-Feb-OO
23-Feb-OO
24-Mar-OO
24-Mar-OO
0.03 1.31 1.14 0.05
0.07 1.24 1 . 2 1 0.07
BMDL 5.5% 6 .0 % 33.3%
0.17 1.47 31.66 0 . 0 2
0 . 1 2 1.45 32.00 0.03
34.5% 1.4% 1 .1 % 40.0%
PT-1 26-Apr-OO 51.24 53.20 0.65 0.14
duplicate (PT-1) 26-Apr-OO 55.19 50.18 0.74 0.16
% difference in
Duplicates 7.4% 5.8% 12.9% 13.3%
ELS-2 25-May-OO 0.05 0.64 35.57 2.70
duplicate (ELS-2) 25-May-OO 0.09 0.72 37.31 3.06
% difference in
Duplicates BMDL BMDL 4.8% 12.5%
*BM DL -  results o f  sam ple and/or duplicate are B elow  the M ethod D etection Limit
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Results of Monthly Duplicate Samples with Calculated % Difference Between
Duplicates
sam
2o‘Jun-00
28-Jun-OO
LM-3
uplicate (ELM-3) 
difference in 
licates 18.8% 28.6%
CL-2
duplicate (CL-2) 
% difference in 
Du^cates
CD-3
duplicate (CD-3) 
% difference in 
Duplicates
ELM-2
duplicate (ELM-2) 
% difference in 
^ipUcates
ELD-1
duplicate (ELD-1) 
% difference in 
Duplicates
28-Jul-OO
28-Jul-OO
30-Aug-00 
30-Aug-00
28-Sep-OO
28-Sep-OO
28-Oct-OO
28-Oct-OO
0 . 0 2 0.37
0 . 0 1 0.41
BMDL BMDL
0.04 0 . 8 6
0.06 1 . 0 0
BMDL BMDL
0.90
0.87
BMDL
0.05
0.06
18.2%
0.56
0.52
BMDL
0.65
0.72
10.2%
3.9%
5.85
6.16
5.2%
31.20
32.18
3.1%
0.58
0.52
10.9%
4.4%
0.03
0.05
50.0%
3.15
3.23
2.5%
0.05
0.04
22 .2%
WÊBÊÊÊBÊÊÊÊÊÊÊM w H H U H H i
ELS-l 29-Nov-OO 0.04 0 . 0 0 46.26 2.94
duplicate (ELS-1) 29-Nov-OO 0.08 0 . 0 1 45.14 2.78
% difference in
Duplicates BMDL BMDL 2.5% 5.6%
*BM DL -  results o f  sam ple and/or duplicate are B elow  the M ethod Detection Limit
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Appendix B
Analytical Results, December 1999 -  Detailed Chemistry
Sample ID / Date AI As
PQL 0.15 0.065
B Ba
0.004
Be
0.0005
Ca
0.2
PT-1 12/6/99 <0.15 <0.065 0.2162 0.172 <0.0005 76.0
CL-1 12/6/99 
CL-2 12/6/99
<0.15
<0.15
<0.065
<0.065
0.0248
0.1638
0.085
0.087
<0.0005
<0.0005
167.0
70.0
CD-3 12/6/99 
CD-4 12/6/99
<0.15
<0.15
<0.065
<0.065
0.0562
0.0644
0.232
0.197
<0.0005
<0.0005
152.0
151.0
ELS-1 12/6/99 
ELS-2 12/6/99 
ELS-3 12/6/99
<0.15
<0.15
<0.15
<0.065
<0.065
<0.065
0.3394
0.2596
0.5164
0.112
0.156
0.038
<0.0005
<0.0005
<0.0005
47.0
61.0 
20.0
ELM-1 12/6/99 
ELM-2 12/6/99 
ELM-3 12/6/99
<0.15
<0.15
<0.15
<0.065
<0.065
<0.065
0.1522
0.2320
0.2634
0.186
0.180
0.077
<0.0005
<0.0005
<0.0005
95.0
101.0 
33.0
ELD-1 12/6/99 
ELD-2 12/6/99 
ELD-3 12/6/99
<0.15
<0.15
<0.15
<0.065
<0.065
<0.065
0.1008
0.0734
0.0836
0.252
0.084
0.095
<0.0005
<0.0005
<0.0005
220.0
291.0
260.0
Sample ID / Date 
PQL
Cd
0.005
Co
0.007
Cr
0.045
Cu
0.019
Fe
0.012
Hg
PT-1 12/6/99 <0.005 <0.007 <0.045 <0.019 <0.012 0.0014
CL-1 12/6/99 
CL-2 12/6/99
<0.005
<0.005
<0.007
<0.007
<0.045
<0.045
<0.019
<0.019
<0.012
<0.012
0.0018
0.0048
CD-3 12/6/99 
CD-4 12/6/99
<0.005
<0.005
<0.007
<0.007
<0.045
<0.045
<0.019
<0.019
<0.012
<0.012
0.0000
0.0042
ELS-1 12/6/99 
ELS-2 12/6/99 
ELS-3 12/6/99
<0.005
<0.005
<0.005
<0.007
<0.007
<0.007
<0.045
<0.045
<0.045
<0.019
<0.019
<0.019
<0.012
<0.012
0.0464
0.0030
0.0058
0.0052
ELM-1 12/6/99 
ELM-2 12/6/99 
ELM-3 12/6/99
<0.005
<0.005
<0.005
<0.007
<0.007
<0.007
<0.045
<0.045
<0.045
<0.019
<0.019
<0.019
<0.012
<0.012
<0.012
0.0000
0.0008
0.0030
ELD-1 12/6/99 
ELD-2 12/6/99 
ELD-3 12/6/99
<0.005
<0.005
<0.005
<0.007
<0.007
<0.007
<0.045
<0.045
<0.045
0.062
0.0832
0.0838
<0.012
<0.012
<0.012
0.0034
0.0018
0.0000
78
Sample ID / Date K LI Mg Mn Mo Na
PQL a  6 0.010 0.44 0.003 0.01
PT-1 12/6/99 4 .4 0.047 57.00 <0.003 0.046 328.80
CL-1 12/6/99 3.0 0.020 43.00 <0.003 0.070 119.86
CL-2 12/6/99 2.6 0.023 21.00 <0.003 0.116 154.14
CD-3 12/6/99 14.0 0.054 42.00 0.0402 <0.01 53.70
CD-4 12/6/99 24.0 0.051 54.00 0.0982 0.057 137.62
ELS-1 12/6/99 9.2 0.048 24.00 0.006 0.128 286.20
ELS-2 12/6/99 11.0 0.088 34.00 <0.003 0.297 420.00
ELS-3 12/6/99 16.0 <0.01 5.00 0.007 <0.01 98.54
ELM-1 12/6/99 4.1 0.041 71.00 0.0096 0.031 282.40
ELM-2 12/6/99 3.7 0.034 80.00 <0.003 <0.01 217.00
ELM-3 12/6/99 8.1 0.052 16.00 <0.003 0.115 300.80
ELD-1 12/6/99 8.0 0.052 97.00 <0.003 0.031 268.80
ELD-2 12/6/99 9.1 0.043 81.00 <0.003 0.033 297.60
ELD-3 12/6/99 11.0 0.052 98.00 <0.003 0.038 270.40
Sample ID / Date NI P Pb S Sb Se
POL 0.015 0.09 0.077
PT-1 12/6/99 <0.015 0.061 <0.09 32.80 0.0000 0.0000
CL-1 12/6/99 <0.015 0.086 <0.09 132.44 0.0016 0.0064
CL-2 12/6/99 <0.015 0.060 <0.09 44.58 0.0000 0.0042
CD-3 12/6/99 <0.015 0.110 <0.09 85.56 0.0000 0.0056
CD-4 12/6/99 <0.015 0.096 <0.09 159.70 0.0000 0.0000
ELS-1 12/6/99 <0.015 0.075 <0.09 59.02 0.0000 0.0000
ELS-2 12/6/99 <0.015 0.045 <0.09 179.92 0.0036 0.0000
ELS-3 12/6/99 <0.015 4.064 <0.09 9.44 0.0000 0.0000
ELM-1 12/6/99 <0.015 0.061 <0.09 33.48 0.0000 0.0016
ELM-2 12/6/99 <0.015 0.075 <0.09 28.76 0.0000 0.0032
ELM-3 12/6/99 <0.015 0.074 <0.09 43.00 0.0000 0.0000
ELD-1 12/6/99 <0.015 0.075 <0.09 79.86 0.0000 0.0000
ELD-2 12/6/99 <0.015 0.132 <0.09 164.98 0.0000 0.0000
ELD-3 12/6/99 <0.015 0.133 <0.09 132.92 0.0000 0.0000
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Sample ID / Date SI Sn Sr Ti V Zn
PQL 0.05 0.001 0.01 0.025 0.003
PT-1 12/6/99 26.58 0.0016 0.463 <0.01 <0.025 0.030
CL-1 12/6/99 32.64 0.0000 0.446 <0.01 0.073 <0.003
CL-2 12/6/99 30.08 0.0000 0.258 <0.01 0.082 <0.003
CD-3 12/6/99 30.18 0.0000 0.652 <0.01 <0.025 <0.003
CD-4 12/6/99 27.86 0.0000 0.515 <0.01 <0.025 <0.003
ELS-1 12/6/99 25.30 0.0000 0.294 <0.01 <0.025 <0.003
ELS-2 12/6/99 27.44 0.0046 0.528 <0.01 0.1124 <0.003
ELS-3 12/6/99 6.67 0.0000 0.103 <0.01 <0.025 0.007
ELM-1 12/6/99 26.74 0.0000 0.527 <0.01 <0.025 0.009
ELM-2 12/6/99 26.44 0.0000 0.557 <0.01 <0.025 <0.003
ELM-3 12/6/99 26.14 0.0000 0.222 <0.01 <0.025 <0.003
ELD-1 12/6/99 26.58 0.0000 0.995 <0.01 0.0902 0.012
ELD-2 12/6/99 28.34 0.0122 0.994 <0.01 0.0538 0.019
ELD-3 12/6/99 27.28 0.0000 1.145 <0.01 0.0606 0.025
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Appendix C
Analytical Results, November 2000 -  Anions, Cations, S, Si
Sample Name Collection Date FI Cl NOz-N N0 3 -N PO / s o /
11/15/00 PQL 11/15/00 11:55 0.10 1.00 0.10 0.10 0.10 1.50
11/17/00 PQL 11/17/00 13:10 0.10 5.00 0.10 0.75 0.10 5.00
PT-1 11/17/00 20:17 <0.10 30.18 <0.10 <0.75 6.10 9.58
CL-1 11/17/00 16:03 0.19 35.22 <0.10 37.93 1.07 32.07
CL-2 11/17/00 16:54 0.23 34.09 <0.10 46.87 2.13 30.40
CD-3 11/17/00 18:26 0.24 34.34 <0.10 26.36 <0.10 41.29
CD-4 11/17/00 15:33 0.38 37.67 <0.10 13.68 <0.10 58.31
ELS-1 11/17/00 15:43 0.14 33.93 <0.10 48.98 4.23 27.67
ELS-2 11/17/0018:46 0.11 34.33 <0.10 64.08 4.18 34.28
ELS-3 11/17/00 19:47 0.14 33.67 <0.10 42.67 4.04 25.32
ELM-1 11/17/00 16:34 0.72 33.53 0.38 20.34 0.82 31.84
ELM-2 11/17/00 19:17 0.37 34.08 <0.10 32.39 3.31 29.35
ELM-3 11/17/00 19:37 0.68 33.30 0.31 11.25 0.74 28.64
ELD-1 11/17/00 18:16 0.23 36.03 <0.10 <0.75 <0.10 7.27
ELD-2 11/17/00 20:07 0.31 33.94 <0.10 0.78 <0.10 15.60
ELD-3 11/17/00 15:23 0.57 32.77 <0.10 7.26 <0.10 30.93
P1 11/15/00 14:15 0.16 6.59 <0.10 1.01 <0.10 19.11
P2 11/15/00 14:26 0.16 13.30 <0.10 1.44 <0.10 20.10
P3 11/15/00 14:46 0.14 7.19 <0.10 1.11 <0.10 18.94
P4 11/15/00 14:36 0.15 6.51 <0.10 1.00 <0.10 18.93
P5 11/15/00 14:56 0.13 7.03 <0.10 1.03 <0.10 18.98
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Sample Name Collection Date Ca"* K* Mg"* Na* S Si
PQL 0.12 0.20 0.010 0.060 0.10 0.10
PT1 11/17/00 20:17 12.95 12.42 2.013 110.8 7.887 6.359
CL1 11/17/00 16:03 38.83 2.46 9.116 138.1 11.54 23.95
CL2 11/17/00 16:54 47.11 6.316 14.65 141.2 11.14 18.67
CD3 11/17/00 18:26 60.26 3.659 14.5 148 14.8 26.33
CD4 11/17/00 15:33 76.37 4.768 24.48 159.5 19.74 27.92
ELS1 11/17/00 15:43 73.98 8.848 9.834 113.8 10.41 9.602
ELS2 11/17/00 18:46 79.66 9.195 9.015 121.7 12.5 10.6
ELS3 11/17/00 19:47 64.28 7.686 8.581 115.4 9.659 9.414
ELM1 11/17/00 16:34 71.82 5.785 28.22 120.7 11.78 19.69
ELM2 11/17/00 19:17 83.46 9.643 17.02 122.4 11.36 19.07
ELM3 11/17/00 19:37 69.87 3.967 30.81 114.8 10.78 20.37
ELD1 11/17/00 18:16 96.21 5.265 61.12 92.1 3.603 24.17
ELD2 11/17/00 20:07 70.02 5.561 45.82 109.1 6.237 25.26
ELD3 11/17/00 15:23 89.93 4.317 39.49 105.4 11.24 22.78
PI 11/15/00 14:15 57.03 6.557 14.52 8.512 6.993 6.172
P2 11/15/00 14:26 61.24 2.487 15.57 12.87 7.519 6.444
P3 11/15/00 14:46 56.53 1.948 14.45 8.673 6.811 5.97
P4 11/15/00 14:36 56.74 1.89 14.56 7.931 7.048 6.09
P5 11/15/00 14:56 56.65 1.859 14.5 8.29 6.933 5.991
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Results of Duplicate Samples with Calculated % Difference Between Duplicates
sample date P O / S 0 4 ^ FI Cl
CD-3 29-Nov-OO BMDL 9.90 BM DL 8.79
duplicate (CD-3) 29-Nov-OO BMDL 9.83 0.51 8.38
% difference in Duplicates BMDL 0.6% BMDL 4.7%
ELS-1 29-Nov-OO 0.85 5.77 BM D L 7.03
duplicate (ELS-1) 29-Nov-OO 0.83 5.75 BM D L 7.01
% difference in Duplicates 2.0% 0.2% BMDL 0.3%
M g'" Na"
CL-2 29-Nov-OO 47.11 6.316 14.65 141.2
duplicate (CL-2) 29-Nov-OO 45.49 6 .426 14.82 145
% difference in Duplicates 3.5% 1.7% 7.2% 2.7%
ELD-3 29-Nov-OO 89.93 4.317 39.49 105.4
duplicate (ELD-3) 29-Nov-OO 89.81 4.295 39.95 108.3
% difference in Duplicates 0.1% 0.5% 7.2% 2.7%
S Si
CL-2 29-Nov-OO 11.14 18.67
duplicate (CL-2) 29-Nov-OO 11.27 18.81
% difference in Duplicates 7.2% 0.7%
ELD-3 29-Nov-OO 11.24 22.78
duplicate (ELD-3) 29-Nov-OO 11.59 22.98
% difference in Duplicates 3.7% 0.9%
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Appendix D
Field Measurements - pH, conductivity, DO
sample ID
PT-1
sample ID 
CL-1
sample ID 
CL-2
sample date
12 8 99
pH cond.(micro S) DO
1 21 00 8.06 1039 ND
2 23 00 8.23 1053 0
3 24 00 8.1 1102 0
4 26 00 ND 1145 ND
5 25 00 7.56 964 ND
6 28 00 8.1 1049 0
7 28 00 8 1200 0
8 30 00 7.91 1062
9 28 00 7.61 1078
10 28 00 7.75 937
11 14 00 7.48 956
11 29 00 7.47 6360
sample date pH cond.(micro S) DO
12 8 99 7.9 1508 ND
1 21 00 7.65 1499 ND
2 23 00 7.73 1352 1.2
3 24 00 7.21 1281 0.8
4 26 00 ND 1632 ND
5 25 00 7.45 113 ND
6 28 00 7.75 1320 0.4
7 28 00 7.92 1350 ND
8 30 00 7.06 1189
9 28 00 7.61 1044
10 28 00 7.54 811
11 14 00 7.72 922
11 29 00 7.68 903
sample date pH cond.(micro S) DO
12 8 99 7.98 1136 ND
1 21 00 7.89 1252 ND
2 23 00 7.81 1197 0.7
3 24 00 7.64 1343 0.2
4 26 00 ND 1217 ND
5 25 00 7.67 1150 ND
6 28 00 7.74 1260 0.1
7 28 00 7.64 1275 0
8 30 00 7.35 1195
9 28 00 7.78 1176
10 28 00 7.93 894
11 14 00 7.82 1026
11 29 00 7.87 1087
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sample ID
CD-3
sample ID 
CD-4
sample ID 
ELS-1
sample date pH cond.(mlcro S) DO
12 8 99 7.88 1307 ND
1 21 00 7.98 1447 ND
2 23 00 7.84 1361 0.5
3 24 00 7.37 1157 0
4 26 00 ND 1258 ND
5 25 00 7.56 1250 ND
6 28 00 7.8 1408 0
7 28 00 7.93 1285 0
8 30 00 7.13 1129
9 28 00 7.63 1072
10 28 00 7.68 941
11 14 00 7.73 1091
11 29 00 7.71 989
sample date pH cond.(mlcro S) DO
12 8 99 7.92 1640 ND
1 21 00 7.92 1341 ND
2 23 00 7.78 1256 0
3 24 00 7.98 1222 0.1
4 26 00 ND 1531 ND
5 25 00 7.57 1550 ND
6 28 00 7.69 1340 0
7 28 00 7.01 1282 0
8 30 00 7.22 1357
9 28 00 7.74 1249
10 28 00 7.58 1127
11 14 00 7.86 1206
11 29 00 7.8 1067
sample date pH cond.(mlcro S) DO
12 8 99 8.16 1588 ND
1 21 00 7.54 1613 ND
2 23 00 7.44 1483 0
3 24 00 7.17 1227 0.1
4 26 00 ND 1703 ND
5 25 00 7.24 148 ND
6 28 00 7.64 1721 0.1
7 28 00 7.5 1396 0
8 30 00 6.89 1097
9 28 00 7.58 997
10 28 00 7.45 950
11 14 00 7.45 932
11 29 00 7.36 1066
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sample ID
ELS-2
sample ID 
ELS-3
sample ID 
ELM-1
sample date pH cond.(micro S) DO
12 8 99 7.93 1607 ND
1 21 00 7.29 1762 ND
2 23 00 7.19 1572 0
3 24 00 7.31 1202 0
4 26 00 ND 1467 ND
5 25 00 7.26 130 ND
6 28 00 7.58 1504 0
7 28 00 7.62 1327 0
8 30 00 6.78 1128
9 28 00 7.51 1031
10 28 00 7.31 979
11 14 00 7.17 1034
11 29 00 7.2 2850
sample date pH cond.(micro S) DO
12 8 99 8.09 916 ND
1 21 00 7.74 1888 ND
2 23 00 7.46 1256 0
3 24 00 7.01 1381 0
4 26 00 ND 1795 ND
5 25 00 7.11 152 ND
6 28 00 7.32 1724 0
7 28 00 7.41 1585 0
8 30 00 7.07 1134
9 28 00 7.51 993
10 28 00 7.56 932
11 14 00 7.34 923
11 29 00 7.41 1056
sample date pH cond.(mlcro S) DO
12 8 99 7.56 1972 ND
1 21 00 7.29 1760 ND
2 23 00 7.1 1838 0
3 24 00 7.12 1723 0
4 26 00 ND 1917 ND
5 25 00 7.2 144 ND
6 28 00 7.17 1920 0
7 28 00 7.51 1480 0
8 30 00 6.63 1154
9 28 00 7.3 995
10 28 00 7.31 886
11 14 00 7.07 1034
11 29 00 7.1 1006
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sample ID
ELM-2
sample ID 
ELM-3
sample ID 
ELD-1
sample date pH cond.(mlcro S) DO
12 8 99 7.53 199 ND
1 21 00 7.2 212 ND
2 23 00 6.76 1956 0
3 24 00 7.49 1681 0
4 26 00 ND 1592 ND
5 25 00 ND 131 ND
6 28 00 7.34 1610 0
7 28 00 7.7 1435 0
8 30 00 6.48 1253
9 28 00 7.37 1210
10 28 00 7.27 919
11 1400 7.4 1034
11 29 00 7.35 1087
sample date pH cond.(micro S) DO
12 8 99 7.51 1614 ND
1 21 00 7.2 1476 ND
2 23 00 7.17 1533 0
3 24 00 7.81 1556 0
4 26 00 ND 2000 ND
5 25 00 7.14 171 ND
6 28 00 7.25 1999 0
7 28 00 7.31 1490 0
8 30 00 6.86 1086
9 28 00 7.36 979
10 28 00 7.7 861
11 1400 7.64 969
11 29 00 7.7 968
sample date pH cond.(micro S) DO
12 8 99 7.46 227 ND
1 21 00 7.27 208 ND
2 23 00 7.19 1841 0
3 24 00 7.63 1798 0
4 26 00 ND 2050 ND
5 25 00 7.28 202 ND
6 28 00 7.29 2020 0
7 28 00 7.46 1580 0
8 30 00 6.94 1781
9 28 00 7.44 2260
10 28 00 7.5 1351
11 1400 7.35 1148
11 29 00 7.33 1193
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sample ID
ELD-2
sample ID 
ELD-3
sample date pH cond.(mlcro S) DO
12 8 99 7.43 248 ND
1 21 00 7.39 194 ND
2 23 00 7.47 1697 0.5
3 24 00 7.23 1875 0
4 26 00 ND 2000 ND
5 25 00 7.18 213 ND
6 28 00 7.18 1984 0
7 28 00 7.34 1601 0
8 30 00 6.86 1359
9 28 00 7.35 1205
10 28 00 7.52 935
11 14 00 7.66 1020
11 29 00 7.71 969
sample date pH cond.(micro S) DO
12 8 99 7.51 239 ND
1 21 00 7.45 1960 ND
2 23 00 7.33 1726 0
3 24 00 7.49 1901 0
4 26 00 ND 1968 ND
5 25 00 7.19 166 ND
6 28 00 7.2 1888 0
7 28 00 7.74 1594 0
8 30 00 6.7 1363
9 28 00 7.27 1191
10 28 00 7.51 1013
11 14 00 7.48 1073
11 29 00 7.51 1061
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Appendix E
Plots of the Potentiometric Surface at the Site 
(January through December, 2000)
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Plot of Potentiometric Surface - January 23,2000
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Plot of Potentiometric Surface - April 25,2000
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Plot off Pdentlomotilc Surfàce - June 27,2000
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Plot of PotentlomotTlc Surface -August 30,2000
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Plot of Potentiometric Surface - October 28,2000
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Plot off Potentiometric Surfoce - December 6,2000
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Appendix F
Groundwater Level Measurements and Hydrographs 
(measurements in ft below ground surface)
date
well ID 
pi P2 p3 p4 p5
12 8 99 10.91 9.41 8.60 10.36 10.46
1 21 00 9.86 11.36 dry 9.02 10.97
2 23 00 8.76 10.59 9.90 8.14 9.87
3 15 00 10.00 11.49 dry 9.20 11.11
4 25 00 8.90 10.38 9.85 8.06 9.92
5 25 00 6.73 8.24 7.71 6.00 7.81
6 27 00 6.60 8.10 7.52 5.81 7.62
7 28 00 7.81 9.33 8.78 7.04 8.76
8 30 00 8.55 10.01 9.47 7.70 9.58
9 28 00 8.63 10.14 9.59 7.84 9.66
10 28 00 9.23 10.73 10.21 8.43 10.30
11 1400 9.33 10.86 10.32 8.58 10.40
12 6 00 9.70 11.21 10.69 8.93 10.82
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Hydrographs - Rosecrest Park
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Appendix G
Breakthrough Curves from the Tracer Experiment
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Breakthrough Curve of CD-3
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Breakthrough Curve of ELS-1
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Breakthrough Curve of ELS-3
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Breakthrough Curve of ELM-2
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Breakthrough Curve of ELD-1
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Breakthrough Curve of ELD-3
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Breakthrough Curves of ELS-2 and ELD-3 0ELS2 
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Appendix H
Lysimeter Construction Details
The particular cups used in this experiment (Soilmoisture Corp. part 
number 653X01-BO 1M3) have a air entry value of 1 bar, a wall thickness of 0.094 
in., and are designed to fit into the end of a schedule 40 PVC pipe with an outside 
diameter of 2 in. The cups were attached to a 22-in. section of schedule-40 PVC 
pipe with a two-part epoxy. The other end of the pipe was then filled with a 
number-10 rubber stopper with two holes. Polyethylene tubing was then inserted 
into the rubber stopper through both holes. One section of tubing (the discharge 
line) was inserted all the way down to the end of the ceramic tip and the other 
tube (the vacuum line) was inserted only one inch beyond the rubber stopper. The 
tubing was cut to the appropriate length depending on the depth to which each 
sampler would be installed. All of the connections were sealed with silicon glue 
and each lysimeter was tested for continuity before it was used.
The lysimeters installed to sample the effluent beneath the experimental 
drainfield were installed at the various depths as the layers were built inside the 
excavation. When the particular layer material had been filled to the appropriate 
elevation where a set of three sampling points could be installed, a set of three 2  
ft.-long and 6 -in. diameter PVC pipes were placed vertically on the excavation 
floor. These then acted as 6 -inch holes and the lysi meters were installed inside of 
these pipes, as described above. Once all three lysimeters were installed inside 
their respective 6 -in. pipes, the addition of layer material could proceed until the
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elevation reached the top of the 6 -in pipe. At this time the 6 -in. pipes were all 
retracted and the area around the lysimeter was tamped down. This procedure 
was repeated at all three sampling elevations. Once the layering was completed 
and the drainfield distribution system was installed, the tubing for each lysimeter 
was completed in a 6 -in. threaded PVC flush-mounted cap, which were then 
sealed in a cement plug.
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Appendix I
Plots of Sample Analytes in Each Lysimeter and the Pump Chamber 
*NOTE: Y-axis scales on ELS plots vary
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Monthly Sample Results 
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Appendix J
Drainfield Installation Details
Installation o f the Two Systems
All excavation and installation was completed over a 2-day period in November 
1999. The conventional drainfield was constructed by digging a series of 2-ft. deep 
trenches with a backhoe, filling the bottom 6  inches of the trenches with drain rock, 
installing the distribution pipes, covering the distribution pipes with another 6  inches of 
drain rock, and then covering the remaining foot of depth with native backfill material. 
Figure 8  shows a cross-sectional drawing of the installed conventional drainfield and the 
locations of the deep and shallow lysimeters.
Installation of the experimental drainfield began by excavating an area 25 ft. by 10 
ft to a depth of 6  ft with the use of a backhoe. Figure 9 shows a cross-sectional drawing 
of the treatment system installed in this excavation. Once the bottom of the excavation 
was made level, a four-sided plywood box, framed with two by four studs, was 
constructed in the bottom of the excavation. The inside of the plywood walls were then 
lined with a flexible PVC liner material, and the seams were sealed with rubber cement. 
Six inches of sand was then added to the bottom of the excavation inside the lined walls. 
This layer was then raked until level. On top of the sand, 20 inches of the fine sand and 
sawdust material was added in six-inch lifts. Each six-inch lift was leveled and then 
compacted with a drum roller. Compaction was periodically evaluated with the same 
penetrometer used during the permeameter tests run in the lab. Compaction of the
material was stopped when the predetermined measurement of 1.5 tons/ft^ (or kg/cm^) 
was achieved.
As these layers were added to the inside of the plywood forms, sand was also 
added between the outside of the walls and the excavation walls. This was done in order 
to prevent the walls from collapsing outward. On top of the fine sand and sawdust, a total 
of 24 inches of sand was then added and leveled. This layer was added in two lifts. First 
10 inches of sand was added and leveled flush with the top of the wall. The PVC liner 
was then cut so that there was 1 0  inches of liner extending above the top of the wall 
around the entire perimeter. This liner was then sloped back and buried in a trench, 
which was then filled with the coarse drain rock. The remaining 14 inches of sand was 
then added and leveled while drain rock was added to the perimeter. Five inches of drain 
rock was then added, the septic system distribution laterals were installed and then 
another five inches of drain rock was added on top of the distribution laterals. Finally, 12 
inches of native material was placed on top of the layers, which returned the excavation 
to surrounding ground level.
Lysimeter Installation
The lysimeters installed to sample the effluent beneath the experimental drainfield 
were installed at the various depths as the layers were built inside the excavation. When 
the particular layer material had been filled to the appropriate elevation where a set of 
three sampling points could be installed, a set of three 2 ft.-long and 6 -in. diameter PVC 
pipes were placed vertically on the excavation floor. These then acted as 6 -inch holes 
and the lysimeters were installed inside of these pipes, as described above. Once all three
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lysimeters were installed inside their respective 6-in. pipes, the addition of layer material 
could proceed until the elevation reached the top of the 6-in pipe. At this time the 6-in. 
pipes were all retracted and the area around the lysimeter was tamped down. This 
procedure was repeated at all three sampling elevations. Once the layering was completed 
and the drainfield distribution system was installed, the tubing for each lysimeter was 
completed in a 6-in. threaded PVC flush-mounted cap, which were then sealed in a 
cement plug.
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